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ABSTRACT 


This  dissertation  deals  with  two  subject  areas,  the 
first  of  which  is  the  observation  and  analysis  of  foundation 
displacements  of  over-consolidated  soils.  The  second  area 
is  the  interaction  of  structural  frames  with  their  foundation 
when  subjected  to  differential  settlements. 

Settlements  have  been  observed  on  four  multi-storey 
structures.  Two  buildings  are  founded  on  over-consolidated 
sandy  clay  till,  one  on  spread  footings  and  the  other  on 
Franki  end  bearing  piles.  A  comparative  study  of  the  two 
foundation  types  has  shown  their  settlement  behaviours  to  be 
identical  and  solely  a  function  of  soil  deformation  parameters. 
Analysis  of  the  settlement  data  has  shown  that  75%  of  the 
25  year  settlement  takes  place  during  construction  and  can 
be  estimated  using  elastic  theory. 

The  two  other  buildings  are  founded  on  spread  footings 
on  a  preglacial  sand  deposit  which  is  underlain  by  a  heavily 
over-consolidated  interbedded  sandstone  and  mudstone  bedrock 
formation.  The  settlement  response  varies  linearly  with 
footing  contact  pressure  during  construction,  indicative  of 
elastic  behaviour.  Heave  measurements  of  a  45  foot  deep 
excavation  at  this  site  allowed  complete  overlap  of  rebound 
and  subsequent  settlement.  Deformation  moduli  computed  from 
heave  measurements  were  consistent  with  those  derived  from 
settlement  observations.  The  ratio  of  field  to  laboratory 
moduli  proved  to  be  large. 
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The  structural  analysis  of  one  of  the  four  multi¬ 
storey  buildings  by  ICES-STRUDL  has  shown  that  the  variation 
of  structural  rigidity  during  construction  must  be  included 
in  any  interaction  solution.  Reactions  as  high  as  44 l  of 
the  self-weight  footing  load  were  computed  for  the  observed 
differential  displacements. 

A  new  "incremental"  soi 1 -structure  interaction  solution 
is  presented.  It  is  based  on  assumptions  of  compatibility 
which  dictate  that  footing  loads  and  settlements  must  be 
consistent  with  the  support  reactions  and  displacements  of 
the  distorted  frame.  The  method  is  particularly  suited  for 
use  in  design  of  moderately  stiff,  three-dimensional  building 
frames  subjected  to  substantial  construction  settlements. 

The  computer  solution  takes  into  account  the  variation  of 
structural  rigidity  during  construction  and  allows  an  approxi¬ 
mation  for  variation  of  soil  properties  over  the  site. 
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CHAPTER  I 


INTRODUCTION 

1  . 1  Definition  of  the  Problem 

Previous  to  1964,  the  availability  of  land  in  the 
central  business  district  of  the  City  of  Edmonton  allowed 
economical  construction  of  small  storey  buildings  of  re¬ 
latively  large  gross  area.  In  recent  years  this  practice 
has  changed  to  intense  land  utilization  as  a  result  of  a 
desire  towards  centralization  of  business,  increasing  land 
prices  and  a  growing  shortage  of  available  ground  space. 

This  trend  is  not  confined  to  growth  in  Edmonton  and  is  pre¬ 
valent  in  other  urban  centres  of  Canada. 

Intense  land  utilization  implies  the  construction  of 
taller  and  heavier  buildings  with  accompanying  secondary 
development  such  as  underground  and  surface  parking  struc¬ 
tures.  For  foundation  engineers  the  implications  of  this 
type  of  construction  are  deeper  and  larger  excavations,  in¬ 
creased  footing  contact  pressures,  greater  total  and  differen¬ 
tial  settlements  and  possible  increases  in  structural  rigidity 
depending  on  the  building  design. 

Most  of  the  new  multi-storey  buildings  in  Edmonton 
will  be  founded  on  either  an  over-consolidated  and  unsatu¬ 
rated  sandy  clay  till  stratum,  a  preglacial  sand  deposit  or 
a  heavily  over-consolidated  interbedded  sandstone  and  mud¬ 
stone  bedrock  formation  (Sinclair  and  Brooker,  1967).  Because 
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the  deformation  characteristics  of  these  soils  were  not 
known  with  any  degree  of  certainty,  the  prediction  of  settle¬ 
ment  and  heave  due  to  loading  and  unloading  is  difficult. 

A  further  complication  is  the  absence  of  unanimity  of 
opinion  with  respect  to  the  procedures  appropriate  for  cal¬ 
culating  the  total  settlements  of  buildings  founded  on  over¬ 
consolidated  soil.  Therefore  it  is  of  considerable  interest 
to  determine  the  particular  mechanisms  which  control  the 
response  of  these  over-consolidated  soils  to  both  loading 
and  unloading  in  such  a  way  that  the  results  of  the  study 
will  be  of  general  use  in  foundation  engineering. 

1 . 2  Previous  Case  Histories 

Som  (1968)  prepared  an  excellent  summary  of  13  case 
histories  of  settlement  of  structures  founded  on  over¬ 
consolidated  clays  and  9  case  histories  of  structures  founded 
on  normally-consolidated  clays. 

The  progress  of  settlement,  in  the  synthesis  of  the 
data,  was  classified  into  three  portions.  The  first  is 
called  the  "immediate"  settlement  and  refers  to  the  displace¬ 
ments  which  take  place  during  construction  under  conditions 
of  no  volume  change.  The  second  portion  is  the  "consolida¬ 
tion"  settlement  which  is  a  time  dependent  phenomena  caused 
by  the  hydrodynamic  time  lag  which  controls  the  dissipation 
of  excess  pore  pressure  originally  generated  during  construc¬ 
tion.  The  third  and  final  portion  is  the  "secondary"  consoli¬ 
dation  settlement  which  is  caused  by  creep  of  the  foundation 


•- 


' 


3 


soil  under  conditions  of  constant  load  and  zero  excess  pore 
pressure . 

Due  to  the  absence  of  heave  measurements  Som  made  the 
assumption  that  the  heave  and  subsequent  settlement  upon 
restoration  of  the  excavation  load  is  small  in  comparison 
to  the  total  settlement.  This  assumption  was  considered  to 
be  justified  where  the  net  foundation  pressures  are  rela¬ 
tively  large  and  where  excavations  are  not  left  open  for  too 
long  a  period  of  time.  For  those  cases  where  the  above 
conditions  are  satisfied  only  the  "immediate"  and  "consoli¬ 
dation"  settlements  under  the  net  foundation  load  were  re¬ 
ported.  In  light  of  the  experience  with  excavation  heave 
reported  later  in  this  thesis,  the  preceding  assumption  made 
by  Som  may  be  questionable. 

The  general  observations  of  the  typical  behaviour  of 
over-consolidated  clays  were  as  follows. 

(1)  Structures  founded  on  over-consolidated  clays  generally 
settle  much  less  than  those  on  normally-consolidated 
clays.  This  is  attributed  to  reduction  of  compressi¬ 
bility  due  to  over-consolidation. 

(2)  The  "immediate"  settlement  is  a  much  greater  proportion 
of  the  final  settlement  for  over-consolidated  soils. 

The  average  of  the  13  cases  reported  was  57.5  per  cent 
of  the  50  year  settlement  as  compared  to  only  15.5  per 
cent  for  normally-consolidated  clay.  It  is  known  that 
the  "immediate"  construction  settlement  may  be  influ¬ 
enced  by  the  presence  of  sand  strata,  the  length  of  the 
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construction  period  and  the  ratio  of  clay  stratum  thick¬ 
ness  to  the  size  of  the  foundation.  However,  it  is  con¬ 
sidered  that  in  spite  of  these  factors,  the  large 
difference  in  proportion  of  construction  settlement 
to  the  50  year  settlement  is  characteristic  of  the 
different  response  offered  by  each  soil  type. 

Som  attributes  this  behaviour  to  the  fact  that  the 
pore  pressure  parameter  A  (Skempton,  1954)  is  nearer  to 
1  for  normally-consolidated  soils  and  is  considerably 
less  for  over-consolidated  soils  (Bishop  and  Henkel, 

1962).  Therefore  the  development  of  excess  pore  pres¬ 
sure  under  identical  total  stress  changes  will  be  much 
smaller  for  over-consolidated  soil  than  for  normally- 
consolidated  soil.  This  means  that  during  undrained 
loading  the  effective  stress  will  be  greater  in  over¬ 
consolidated  soil  resulting  in  proportionally  more 
"immediate"  settlement  and  smaller  "consolidation"  settle¬ 
ment  as  less  excess  pore  pressure  needs  to  be  dissipated. 

(3)  The  progress  of  "consolidation"  settlement  is  compara¬ 
tively  faster  for  over-consolidated  soils  than  for 
normally-consolidated  soils  as  the  "secondary"  settle¬ 
ment  was  reached  between  1.5  to  7.5  years  while  the 
corresponding  settlement  for  normally-consolidated  clay 
was  reached  between  4  and  25  years.  Som  attributes 
this  behaviour  to  greater  overall  permeability  of  the 
over-consolidated  soil  mass  arising  from  fissures  and 
joints . 
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(4)  "Secondary"  settlement  of  structures  on  over-consolidated 
clays  is  smaller  (average  8.8%  of  the  50  year  settle¬ 
ment)  than  those  on  normal ly-consol idated  clays  (21.6%). 

A  recent  case  history  reported  by  Appendino  and 
Samiolkowsky  (1969)  for  the  settlement  of  a  200  m.  high 
chimney  founded  on  clayey  and  sandy  over-consolidated  silt 
supports  the  preceding  conclusions.  The  settlement  of  the 
15  m.  radius  base  during  construction  took  place  rapidly 
and  appeared  to  be  linearly  related  to  footing  load.  Excess 
pore  pressures  were  only  recorded  during  the  very  rapid  load 
application  when  the  footing  was  poured  with  no  excess  pore 
pressures  recorded  thereafter.  At  completion  of  loading, 
settlement  appeared  to  cease. 

The  definition  of  "immediate"  settlement  as  used  by 
Som  (1968)  is  not  entirely  accurate.  This  settlement  should 
not  be  equated,  as  is  done  in  his  summary  of  case  histories, 
with  the  construction  settlement.  Conventionally  the  term 
"immediate"  settlement  refers  only  to  the  instantaneous 
settlement  which  takes  place  under  conditions  of  zero  drain¬ 
age  upon  application  of  load. 

The  difference  between  "immediate"  settlement  and  the 
construction  settlement  can  be  appreciable,  particularly 
for  over-consolidated  soils.  As  pointed  out  by  Skempton 
and  Bjerrum  (1957)  the  pore  pressure  generated  in  a  deep 
deposit  of  over-consolidated  soil  is  considerably  smaller 
than  for  normally-consolidated  soil  and  as  noted  by  Bjerrum 
(1963),  the  proportion  of  primary  consolidation  occurring 
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immediately  upon  load  application  (and  during  construction) 
will  be  correspondingly  greater. 

1 . 3  Methods  of  Analysis 

The  earliest  method  of  settlement  analysis  consisted 
of  a  one -d imens i ona 1  consolidation  theory  which  was  formu¬ 
lated  by  Terzaghi  in  1924  (Terzaghi,  1924).  The  ultimate 
or  total  settlement  (without  secondary  consolidation)  could 
be  estimated  using  soil  parameters  found  from  the  laboratory 
oedometer  test.  Probably  due  to  sample  disturbance  and  non¬ 
representative  permeability  of  the  soil  mass,  this  method 
frequently  over-estimated  the  settlement  and  under-estimated 
the  rate  of  consolidation.  Although  used  for  many  years, 
and  still  today,  it  was  recognized  that  the  method  was  not 
generally  applicable  to  over- cons o 1 i da  ted  soils  (Terzaghi, 
1936).  It  was  not  until  Skempton  and  Bjerrum's  contribution 
in  1957  that  substantial  improvement  was  achieved  (Skempton 
and  Bjerrum,  1957). 

During  load  application  the  foundation  soil  undergoes 
lateral  deformation  which  may  result  in  appreciable  immediate 
settlements.  This  three-dimensional  settlement,  assumed  to 
take  place  under  undrained  conditions,  was  taken  into  account 
by  Skempton  and  Bjerrum  in  their  approximate  procedure.  They 
postulated  that  the  subsequent  consolidation  takes  place 
under  conditions  of  no  lateral  deformation  and  is  a  function 
of  the  excess  pore  pressure  set  up  in  the  soil.  The  pore 
pressure  change  is  defined  in  terms  of  pore  pressure  para- 
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meters  which  are  determined  in  the  triaxial  test  for  appro¬ 
priate  stress  increments  (Skempton,  1954).  Although  three- 
dimensional  conditions  are  partly  allowed  for  by  the  reason¬ 
able  estimate  of  pore  pressure,  the  use  of  this  estimate  for 
one-dimensional  consolidation  is  somewhat  illogical  (Lee, 

1  968  )  . 

For  saturated  soils  the  immediate  settlement  can  be 
computed  by  substituting  Poisson's  ratio  y  =  0.5  and  E  ,  the 
undrained  Young's  modulus,  into  the  standard  equations  of 
elasticity  (Terzaghi,  1943;  Scott,  1963  and  Harr,  1966). 

These  same  equations  can  be  used  for  non-sa turated  soils, 
still  with  zero  drainage.  For  this  case  Poisson's  ratio 
will  not  equal  0.5  but  some  lower  value.  With  non-saturation 
the  immediate  settlement  will  be  considerably  larger.  In  a 
recent  review  of  settlement  prediction  methods,  Davis  and 
Poulos  (1968)  point  out  that  the  total  settlement  (without 
secondary  consolidation)  can  be  computed  using  these  same 
elastic  equations,  provided  the  drained  Young's  modulus,  E' 
and  Poisson's  ratio,  y'  are  used. 

Since  volume  change  during  consolidation  is  generally 
not  one-dimensional  and  is  often  accompanied  by  significant 
lateral  strain,  Lambe  (1964)  recommended  the  "Stress  Path 
Method"  wherein  the  strain  of  an  "average  element"  is  deter¬ 
mined  in  the  triaxial  test  under  stress  conditions  which 
duplicate  those  in  the  field.  Extrapolation  of  the  axial 
strain  in  the  laboratory,  which  includes  the  immediate  and 
consolidation  strain,  to  the  thickness  of  the  deposit  under- 
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going  deformation  yields  the  total  settlement.  An  obvious 
practical  difficulty  here  is  the  selection  of  the  "average 
element".  The  experimental  program  to  support  this  type  of 
analysis  is  complex  and  the  appropriate  stress  paths  may  be 
difficult  to  determine  (Lee,  1968).  This  procedure  is  per¬ 
haps  more  suited  for  use  with  soft,  normally-consolidated 
soils  which  usually  undergo  large  strains  rather  than  with 
stiff  over-consolidated  soils  where  borehole  sampling  is  more 
difficult  and  strains  are  generally  much  smaller. 

Settlements  of  over-consolidated  soils  during  construc¬ 
tion  have  been  reported  to  be  as  high  as  75  per  cent  of  the 
total  (Hanna,  1950,  1953).  Concern  should  therefore  not 
rest,  as  often  appears  to  be  the  case,  with  the  time-dependent 
consolidation  settlement  but  rather  with  the  greater  portion 
of  the  total  settlement  that  takes  place  during  construction. 
On  the  basis  of  no  observed  excess  pore  pressures  at  the 
completion  of  construction,  one  could  conclude  that  the  con¬ 
solidation  settlement  appears  to  be  virtually  absent  for 
some  over-consolidated  soils.  If  the  over-consolidated  soil 
is  not  saturated,  as  is  the  case  with  the  Edmonton  till 
stratum,  the  settlement  during  construction  to  full  occupancy 
may  well  represent  nearly  the  entire  total  settlement.  If 
this  can  be  considered  to  be  true,  then  three-dimensional 
elastic  theory  with  drained  parameters  accounts  for  all  the 
settlement  with  the  exception  of  foundation  creep. 
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1  . 4  Building  Settlements  and  Structural  Deformations 

Although  settlements  of  structures  are  calculated  for 
a  number  of  reasons,  the  primary  purpose  usually  is  the 
determination  of  whether  or  not  ground  movements  will  impair 
the  aesthetic  and/or  servi ceabi 1 i ty  requirements  set  for  the 
building.  This  includes  the  performance  of  special  cases, 
where  an  effort  may  be  made  to  eliminate  or  reduce  differen¬ 
tial  settlements  of  critical  structures  such  as  an  accelera¬ 
tor  (Ward,  Burland  and  Gallois,  1968)  and  conventional  con¬ 
struction  such  as  ordinary  apartment  or  office  buildings. 

In  conventional  construction  the  calculated  settlements  are 
usually  compared  to  allowable  or  tolerable  limits.  These 
have  been  deduced  from  studies  on  real  buildings  which  per¬ 
formed  satisfactorily  or  have  been  damaged  (Skempton  and 
MacDona 1 d  ,  1  956  ). 

For  most  settlement  analyses  the  footing  loads  which 
cause  settlement  are  assumed  to  remain  constant  while  the 
found ation  undergoes  deformation.  The  foundation  displace¬ 
ments,  calculated  by  means  of  this  implied  structural  flexi¬ 
bility,  are  subsequently  examined  in  terms  of  distortions 
of  individual  structural  frame  members  to  determine  whether 
these  members  have  sufficient  moment  or  shear  capacity.  The 
anomaly  immediately  apparent  is  that  structural  members  can¬ 
not  be  subjected  to  moments  or  shear  forces  by  foundation 
displacements  without  some  alteration  of  the  footing  loads 
which  cause  those  displacements.  This  problem  has  led  to 
consideration  of  flexibility  or  rigidity  in  a  relative  sense 
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and  has  resulted  in  the  concept  of  soi 1 -structure  interaction 
for  use  with  those  structures  where  the  assumption  of  per¬ 
fect  flexibility  departs  significantly  from  reality. 

Meyerhof  (1953)  and  Chamecki  (1956)  were  the  first 
to  publish  approximate  soi 1 -structure  interaction  solutions 
for  frame  structures  supported  on  isolated  footings.  The 
work  by  Meyerhof  is  based  on  slope  deflection  techniques 
whereby  correction  moments  due  to  footing  settlements  are 
distributed  to  the  superstructure  using  the  Hardy  Cross 
technique.  The  method  does  not  allow  for  recalculation  of 
footing  settlements  using  the  altered  footing  loads.  Chamecki 
did  consider  the  effect  of  load  transfer  due  to  structural 
distortion  but  limited  the  redistribution  within  the  struc¬ 
tural  frame  to  adjacent  members.  The  basis  of  his  solution 
was  that  structural  deformations  and  the  footing  loads  that 
produce  them  must  be  compatible. 

With  the  introduction  of  computer  techniques,  soil- 
structure  interaction  analyses  have  become  much  less  tedious 
and  the  calculation  of  stresses  in  three-dimensional  space 
frames  has  been  facilitated. 

Multi-storey  structures  may  tend  towards  increased 
rigidity  due  to  large  building  height.  If  founded  on  over¬ 
consolidated  soil,  an  appreciable  proportion  of  the  total 
settlement  will  take  place  during  construction.  An  ideal 
soi 1 -structure  interaction  analysis  should  therefore  be 
applicable  to  a  three-dimensional  space  frame  and  allow  varia¬ 
tion  in  structural  rigidity  as  the  building  frame  is  dis- 
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torted  by  settlement  during  construction. 

1  . 5  Scope  of  the  Research  Program 

The  three  essential  elements  which  make  possible  the 
analysis  of  any  soil  mechanics  and  foundation  engineering 
problem  are  simply,  factual  field  data,  geotechnical  data 
and  theory.  In  foundation  design  it  is  usually  the  practice 
to  obtain  geotechnical  data  and  utilize  this  with  a  theory 
which  is  known  to  be  applicable  to  the  problem.  If  it  is 
desirable  to  check  the  performance  of  the  foundation  or  the 
accuracy  of  the  design,  field  observations  are  usually 
undertaken  in  order  to  obtain  factual  field  data. 

The  research  program  described  in  this  thesis  is  a 
reversal  of  the  above  process  as  the  structural  performance 
was  obtained  first.  At  the  outset,  the  mechanisms  governing 
foundation  displacements  and  the  applicability  and  reliability 
of  the  available  geotechnical  data  were  not  clearly  under¬ 
stood. 

Settlement  observations  were  taken  on  four  multi-storey 
buildings,  all  located  in  the  central  business  district  of 
the  City  of  Edmonton.  Two  buildings,  the  26  storey  CN  Tower 
(Fig.  1.1)  and  the  27  storey  Avord  Arms  (Fig.  1.2),  are 
founded  on  the  over-consolidated  sandy  clay  till  stratum. 

The  proximity  of  these  two  structures  to  each  other  and  the 
fact  that  the  CN  Tower  is  founded  on  spread  footings  and  the 
Avord  Arms  on  Frank!  end  bearing  piles,  made  it  possible  to 
evaluate  in  a  comparative  manner  the  settlement  behaviour  of 
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Fig.  1.1  CN  Tower  -  Edmonton,  Alberta 
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Fig.  1.2  Avord  Arms  -  Edmonton ,  Alberta 
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the  two  foundation  types.  The  other  two  buildings  on  which 
settlement  readings  were  taken  are  the  26  storey  Oxford 
Building  and  the  34  storey  AGT  Tower  which  together  make 
up  the  AGT-Oxford  Complex  (Fig.  1.3).  Both  of  these  build¬ 
ings  are  founded  on  spread  footings  in  the  same  till  stratum, 
but  near  the  underlying  preglacial  sand  deposit  and  bedrock 
formation . 

During  the  excavation  for  the  AGT  Tower  and  the  surround¬ 
ing  underground  parking  garage,  the  rebound  of  the  foundation 
soil  was  monitored.  Continuation  of  rebound  measurements 
during  construction  made  it  possible  to  overlap  these  read¬ 
ings  with  the  settlement  observations.  This  constitutes  a 
unique  record  of  foundation  movement. 

From  the  analysis  of  the  foundation  displacements  the 
mechanisms  of  deformation  were  determined  and  representative 
parameters  of  the  soil  mass  were  derived.  These  were  com¬ 
pared  with  relevant  values  obtained  in  the  laboratory  from 
tests  run  on  specimens  taken  at  the  sites. 

Since  the  rigidity  of  the  building  structure  can  influ¬ 
ence  the  settlement  of  its  supports,  the  rigidity  of  the 
CN  Tower  is  examined  in  considerable  detail.  Recognition 
of  the  consequence  of  the  combined  effects  of  increasing 
settlement  with  varying  structural  rigidity  has  resulted  in 
the  formulation  of  a  new  and  more  realistic  approach  to  soil- 
structure  interaction  analysis. 
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1 . 6  Organization  of  the  Thesis 

The  thesis  begins  with  a  detailed  analysis  of  the 
settlements  at  the  CN  Tower  and  Avord  Arms  buildings. 
Empirical  foundation  parameters  are  derived  and  compared 
to  values  obtained  in  the  laboratory. 

An  evaluation  of  the  influence  of  the  structural  rigi¬ 
dity  of  the  CN  Tower  on  the  reactions  of  the  building  frame 
is  given  in  Chapter  III.  The  concept  of  variable  structural 
rigidity  is  introduced  in  an  incremental  method  of  struc¬ 
tural  analysis.  A  mathematical  description  of  the  new  in¬ 
cremental  procedure  for  soi 1 -s tructure  interaction  is  pre¬ 
sented  in  Chapter  IV  with  an  accompanying  sample  computer 
solution. 

The  procedure  used  to  measure  heave  at  the  AGT  excava¬ 
tion  is  described  in  Chapter  V.  The  analysis  of  the  rebound 
record  is  outlined  in  detail  and  several  implications  for 
construction  practice  are  noted. 

The  settlement  behaviour  of  the  AGT  Tower  and  the 
Oxford  Building  is  described  in  Chapter  VI.  The  compression 
data  for  the  over-consolidated  foundation  soils  is  analyzed 
and  representative  deformation  parameters  are  described. 

A  summary  of  the  conclusions  from  the  entire  research 
program  and  suggestions  for  further  research  are  given  in 
Chapter  VII. 
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CHAPTER  II 


SETTLEMENTS  AT  THE  CN  TOWER  AND  AVORD  ARMS 

2 . 1  Introduction 

In  this  chapter  the  settlement  behaviour  of  two  build¬ 
ings,  the  CN  Tower  and  Avord  Arms,  is  examined.  The  geology 
of  the  site,  soil  conditions,  foundation  types  and  method 
of  instrumentation  are  fully  described. 

The  analysis  of  settlement  data  has  been  more  extensive 
for  the  CN  Tower.  The  reason  for  this  is  partly  because  of 

i 

a  more  complete  settlement  load  record,  readily  available 
structural  information  and  partly  because  the  analysis  of 
the  spread  footing  design  is  more  tractable.  Wherever  possible, 
reference  to  the  Avord  Arms  and  comparisons  between  the  two 
structures  will  be  made. 

Although  still  specific  to  the  area  of  the  two  build¬ 
ings,  the  description  of  geology  found  in  this  chapter  has 
been  expanded  to  include  the  entire  central  area  of  Edmonton. 
This  is  done  for  reasons  of  completeness. 

2 . 2  Building  Location  and  Description 

The  two  buildings  under  consideration  are  located  on 
the  northern  edge  of  the  central  business  district  in  down¬ 
town  Edmonton.  The  specific  geographical  location  is  shown 
on  Fig.  2.1. 

Although  differing  in  plan,  both  the  27  storey  Avord 
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Fig. 2.1  City  of  Edmonton  Outline  Mop 
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Arms  and  the  26  storey  CN  Tower  are  reinforced  concrete 
structures  consisting  of  a  small  number  of  floors  for  park¬ 
ing  with  the  remaining  upper  floors  respectively  being 
utilized  for  apartments  and  office  space.  In  the  case  of 
the  CN  Tower  the  four  parking  floors  are  cantilevered  a  dis¬ 
tance  of  27  feet  beyond  the  west,  south  and  eastern  exterior 
column  lines,  thereby  inducing  an  increased  built-in  struc¬ 
tural  rigidity  and  greater  loads  at  the  supporting  columns. 

An  east-west  section  through  this  building  is  shown  in 
Fig.  2.2. 

The  primary  difference  between  these  two  buildings 
is  their  foundations.  The  Avord  Arms  is  founded  on  Franki 
compacted  concrete  piles  expanded  at  their  base  at  a  depth 
of  sixteen  feet  below  ground  surface.  Fig.  2.3  shows  the 
foundation  plan.  A  total  of  239  piles  were  used,  most  of 
which  were  24  inches  or  20  inches  in  diameter,  and  a  small 
number  being  16  inches  in  diameter. 

The  CN  Tower  is  founded  on  spread  footings  at  a  depth 
varying  between  26  feet  below  ground  surface  at  the  core 
to  about  22  feet  at  exterior  footings.  The  central  core 
which  contains  the  elevator  shafts  and  carries  the  central 
floor  loads  is  supported  on  a  single  mat  footing.  The  foot¬ 
ings  were  formed  by  neat  excavation  into  the  till  and  an 
average  of  eight  feet  of  compacted  backfill  was  placed  above 
the  footings  to  give  a  net  depth  of  basement  of  13  feet  below 
ground  surface.  Fig.  2.4  illustrates  the  footing  and  founda¬ 
tion  plan  for  this  structure  as  well  as  for  the  small  parking 
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area  and  terminal  extension  located  immediately  to  the  north. 

2 . 3  Geo  1 ogy 

Most  of  the  City  of  Edmonton  is  built  on  a  soil  profile 
in  descending  order,  of  lacustrine  clays,  silty  clay  till, 
pre-glacial  sand  and  gravel  and  soft  mudstone  and  sandstone 
bedrock.  In  the  area  of  the  two  buildings,  this  same  soil 

profile  is  found;  Table  2.1  lists  the  main  units  with  approx- 

% 

imate  depths.  Fig.  2.2  shows  the  soil  strata  in  relation 
to  the  foundation  cross-section.  A  small  amount  of  fill  was 
encountered  at  the  CN  Tower  site  but  was  removed  during 
excavation  for  the  basement. 


TABLE  2.1 

STRATIGRAPHIC  SEQUENCE  AT  THE  CN  TOWER 
AND  AVORD  ARMS 


Geologic  Material  Approximate 


Description 

Description 

Depth  ( f t .  ) 

Lacustrine  Clay 

Silty-Clay,  becomes 
more  silty  with  depth 

0  to  1 6 

Till 

Sandy  or  Silty-Clay 
containing  sand  lenses 

16  to  70 

Saskatchewan  Sands 
and  Gravels 

Medium  sand,  some  gravel 
just  above  bedrock 

70  to  100 

Edmonton  Formation 

Interbedded  mudstones 
and  siltstones 

100  to _ ? 

• 
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Bedrock  at  the  site  is  described  as  "poorly  consoli¬ 
dated  materials  comprising  the  Edmonton  Formation  of  late 
Cretaceous  age"  (Carlson,  1966).  Within  the  upper  part  of 
the  bedrock  which  might  influence  the  foundation  are  found 
interbedded  bentonitic  shales  and  sandstones  and  several 
continuous  bentonite  and  coal  seams.  The  regional  dip  of 
the  bedrock  surface  is  about  20  feet  to  the  mile  southwest- 
ward  (Bayrock  and  Berg,  1966).  To  the  extent  that  many 
samples  do  not  show  fissility  the  shales  are  probably  more 
correctly  classified  as  mudstone  and  many  of  the  sandstones 
could  more  properly  be  called  siltstones.  Local  usage  is  to 
use  either  the  term  shale  or  clay-shale,  the  latter  because 
of  the  tendency  of  the  shale  to  weather  to  a  clay-like 
material.  In  its  undisturbed  state  the  bedrock  is  very 
dense  and  is  a  competent  foundation  material. 

The  present  bedrock  surface  has  been  formed  by  erosion 
followed  by  glaciation  under  ice  estimated  to  have  been  5000 
feet  thick  (Bayrock  and  Hughes,  1962).  The  present  maximum 
relief  in  the  central  Edmonton  area  is  the  result  of  erosion 
during  Tertiary  and  Pleistocene  time.  The  site  of  the  CN 
Tower  and  Avord  Arms  is  located  near  the  valley  wall  of  an 
ancient  pre-glacial  valley  which  was  several  miles  wide 
(Carlson,  1966).  The  maximum  slope  of  the  bedrock  surface 
in  the  general  vicinity  of  the  sites  is  in  the  order  of  1% 
to  2%. 

During  the  erosion  cycles  that  formed  the  bedrock  sur¬ 
face  a  series  of  sand  and  gravel  layers  were  deposited  as 
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valley  fill  (Bayrock  and  Berg,  1966).  The  name  Saskatchewan 
Sands  and  Gravels  is  applied  to  these  deposits;  in  central 
Edmontonsand  predominates  with  some  gravel  found  just  above 
the  bedrock.  The  sand  is  characterized  by  high  Standard 
Penetration  blow  counts  usually  exceeding  110  blows  per 
foot.  Very  little  sampling  or  laboratory  testing  has  been 
carried  out  on  the  Saskatchewan  Sands  and  Gravels,  partly 
due  to  the  difficulty  of  obtaining  undisturbed  samples,  but 
mainly  due  to  its  relatively  great  depth  below  most  of  the 
foundations  used  in  the  Edmonton  area. 

Recent  work  has  indicated  that  there  are  two  distinct 
till  sheets  of  Wisconsin  age  in  the  Edmonton  area  (Westgate, 
1969).  The  identification  is  largely  based  on  pebble 
orientation;  there  does  not  appear  to  be  any  marked  distinc¬ 
tion  in  engineering  properties  between  the  upper  and  lower 
till  sheets.  Some  exposures  in  central  Edmonton  show  a  few 
feet  of  sand  between  the  two  tills.  Although  exposures  of 
the  unweathered  till  show  rusty  fractures,  usually  in  a 
random  orientation,  the  upper  part  frequently  exhibits  a 
columnar  fracture  pattern.  The  till  is  classified  as  a 
sandy-silty  clay  and  contains  stones  of  a  wide  range  in 
sizes,  coal  and  shale  fragments,  and  sand  and  silt  lenses. 

The  silty  clay  matrix  is  usually  of  low  to  medium  plasticity. 
The  density  of  the  till  varies  considerably  in  the  Edmonton 
area  but  in  central  Edmonton  the  density  is  high  as  evidenced 
by  Standard  Penetration  blow  counts  which  range  from  60  to 
150  blows  per  foot  and  average  93  blows  per  foot.  These 
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values  do  not  include  the  upper  two  or  three  feet  in  the 
till  which  is  usually  softer  and  has  blow  counts  in  the 
order  of  18  to  50  blows  per  foot.  The  water  content  of  the 
till  is  usually  in  the  range  of  10%  to  20%  averaging  15%. 

The  till  was  formed  from  continental  glaciers  which 
advanced  from  the  northeast.  The  natural  drainage  systems 
were  blocked  off  during  the  retreat  of  the  glaciers  result¬ 
ing  in  the  formation  of  a  number  of  proglacial  lakes.  Lake 
Edmonton  was  one  such  lake  and  covered  much  of  the  Edmonton 
area.  During  its  life,  lake  sediments  were  deposited  which 
ranged  from  clays  of  high  plasticity  at  the  surface  to  silts 
and  sands  just  above  the  till.  The  upper  part  of  the  lacu¬ 
strine  deposit  is  highly  dessicated. 

2 . 4  Geotechnical  Properties  from  Laboratory  Tests 

Both  the  Avord  Arms  and  the  CN  Tower  are  founded  on 
the  till  and  thus  it  is  the  geotechnical  properties  of  this 
soil  that  are  of  greatest  interest.  The  stress  influence 
at  bedrock  elevation  is  small;  the  net  change  in  vertical 
pressure  (Boussinesq)  is  only  10%  of  the  original  total 
overburden  pressure. 

A  total  of  five  boreholes  were  drilled  at  the  CN  Tower 
and  two  at  the  Avord  Arms  during  the  foundation  investigation 
at  locations  as  shown  in  Fig.  2.7.  Because  of  existing 
buildings  they  were  drilled  around  the  peripheries  of  the 
site.  The  logs  of  several  boreholes  can  be  found  in  Appendix  A. 

Testholes  at  the  site,  and  in  general  in  the  central 
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Edmonton  area,  do  not  show  a  static  water  table.  Perched 
water  tables  are  encountered  in  sand  lenses  in  the  till  and 
occasionally  the  water  is  under  a  substantial  hydrostatic 
head.  The  clay  till  is  commonly  unsaturated.  Degrees  of 
saturation  of  83%  and  75%  have  been  found  from  two  tube 
samples  taken  at  depths  of  28  feet  and  43  feet  in  a  boring 
800  feet  west  of  the  CN  Tower. 

Gradation  analyses  on  block  samples  taken  at  footing 
level  at  the  CN  Tower  showed  an  average  of  42%  sand  sizes, 

38%  silt  sizes,  and  20%  clay  sizes  (M.I.T.  Scale).  Consoli¬ 
dated  undrained  and  confined  undrained  tri axial  compression 
tests  and  consolidation  tests  were  run  on  specimens  cut  from 
the  block  samples.  Due  to  the  hard  and  dense  nature  of  the 
till  plus  the  random  occurrence  of  stones,  it  was  difficult 
to  trim  specimens,  parti cul arly  in  the  case  of  the  consolida¬ 
tion  test  where  a  close  fit  in  the  consolidation  ring  was 
requ i red  . 

The  results  of  the  undrained  triaxial  tests  on  three 
specimens  are  summarized  in  Table  2.2  The  tests  reflect  an 
uncertain  amount  of  sample  disturbance  and  also  the  varia¬ 
tion  that  is  commonly  found  in  till  specimens,  even  when 
taken  from  a  single  block  or  tube  sample.  The  tangent  modu¬ 
lus  of  deformation  has  been  determined  from  the  initial 
nearly  straight  portion  of  the  stress-strain  curve,  corrected 
for  seating  deformation. 

Two  consolidated  undrained  compression  tests  were 
carried  out  at  cell  pressures  of  75  psi  and  140  psi.  The 
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TABLE  2.2 

CONFINED  COMPRESSION  TESTS 
(CELL  PRESSURE  -  30  psi ) 


Sample 

Maximum 
Deviator 
Stress 
(psi ) 

Strain  at 
Failure 

(%) 

Wa  ter 
Content 
{%) 

Initial  Tangent 
Modulus  of 
Deformation 
(psi  ) 

A 

118 

15.4 

13.2 

1460 

B 

108 

14.1 

13.5 

1160 

C 

156 

13.1 

12.4 

1480 

stress-strain  curves  for  the  tests  are  shown  in  Fig.  2.5. 

The  numerical  results  are  given  in  Table  2.3. 

It  can  be  seen  that  consolidation  has  resulted  in  much 


TABLE  2.3 

CONSOLIDATED  UNDRAINED  COMPRESSION  TESTS 


Sample 

Initial 

Cell 

Maximum 

Strain  @ 

Secant 

Water 

Pressure 

Devi  a  tor 

Failure 

Modulus  @ 

Content 

(%) 

(psi  ) 

Stress 
(psi ) 

(%) 

0.5%  Strain 
(psi ) 

D 

13.3 

75 

110.5 

6.65 

14,000 

E 

13.2 

140 

197  .8 

12.3 

12,000 

. 

fv 

1  ». 
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29 


30 


higher  moduli  of  deformation.  There  was  insufficient 
material  to  provide  three  consolidated,  undrained  triaxial 
specimens.  On  the  basis  of  the  two  tests  the  straight  line 
Mohr  Envelope  had  the  following  parameters: 

Total  Stress  C  =  2  psi  0  =  24° 

The  results  of  three  consolidation  tests  are  shown  in 
Fig.  2.6.  The  curves  shown  have  been  corrected  for  com¬ 
pressibility  of  the  testing  apparatus  but  otherwise  repre¬ 
sent  the  results  of  conventional  testing  methods.  Interpre¬ 
tation  of  the  pre-consolidation  by  accepted  methods  is 
difficult,  and  it  is  likely  that  the  maximum  load  reached 
(14.4  ksf)  is  not  on  the  virgin  compression  branch.  To 
give  representative  numerical  results.  Table  2.4  has  been 
prepared  from  interpretation  of  the  data. 

2 . 5  Instrumentation  and  Data  Acquisition 

When  access  became  possible,  special  settlement  plugs 
provided  by  the  Division  of  Building  Research  of  the  National 
Research  Council  were  installed  in  the  reinforced  concrete 
columns  at  the  lowest  floor  of  the  CN  Tower  and  Terminal 
building. 

Three  inch  ram-set  pins  were  used  for  reference  markers 
in  the  Avord  Arms  building.  As  construction  proceeded, 
problems  of  access  necessitated  the  termination  of  readings 
on  some  columns  at  the  CN  Tower  and  installation  of  a  second 
set  of  markers  in  the  Avord  Arms.  In  the  latter  case,  two 
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Note:  All  data  corrected  for  machine  compression 
(R.M.  Hardy  and  Associates,  October  1964) 
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TABLE  2.4 

SUMMARY  OF  CONSOLIDATION  TEST  DATA 


Specimen  ( 1 ) 

F  G  H 


Initial  Water  Content,  W% 

11  .8 

13.0 

13.9 

Initial  Void  Ratio,  e 

.351 

.368 

.404 

Initial  Saturation,  S% 

90 . 1 

94.7 

92.0 

Compressive  Index,  Cc  (2) 

3.5  ksf  to  7.0  ksf 

7.0  ksf  to  14.4  ks f 

.026 

.032 

.036 

.042 

.025 

.032 

Rebound  Index,  Cr  (2) 

14.4  ksf  to  7.0  ksf 

14.4  ksf  to  0.06  ksf 

.006 

.016 

.006 

.013 

.011 

.020 

Modulus  of  Volume  Comp.,  m  (ft2/k) 
3.5  ksf  to  7.0  ksf  v 

3.5  ksf  to  14.4  ksf 

.0017 
.001  2 

.0023 

.0017 

.001  7 
.0011 

Modulus  of  Deformation,  E  (psi)  (3) 
3.5  ksf  to  7.0  ks  f 

3.5  ks  f  to  14.4  ksf 

1901 

2632 

1393 

1909 

1924 

2996 

1  .  Tes  t  Condi ti ons  : 

F.  Free  swell  -  sample  allowed  to  swell  under  token 
load  of  0.16  ksf  before  consolidation. 

G.  Natural  consolidation  -  sample  not  allowed  access 
to  water,  drying  out  prevented. 

H.  Constant  volume  swell  -  sample  maintained  at  con¬ 
stant  volume  after  given  access  to  water.  When 
tendency  to  swell  completed  consolidation  test  run. 

2.  Compressive  index,  Cc,  and  Rebound  Index,  Cr»  are  slope 
of  compression  or  rebound  curves  on  plot  of  void  ratio 
versus  logarithm  of  pressure,  between  points  given. 

3.  Calculated  secant  modulus  of  deformation  based  on  an 
assumed  Poisson's  Ratio,  y  =  0.4. 
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sets  of  overlapping  readings  allowed  continuation  of  the 
settlement  record. 

All  surveying  was  carried  out  using  a  precise  level 
and  a  rod  scaled  in  millimeters;  possible  error  in  this  sur¬ 
vey  might  be  as  much  as  +1  mm.  Survey  error  at  the  Avord 
Arms  would  tend  to  be  somewhat  greater  due  to  increased 
distance  from  the  deep  benchmark  and  greater  complexity  of 
the  traverse  within  the  building.  Readings  were  not  taken 
at  equal  intervals  of  time,  but  rather  in  approximately  equal 
intervals  of  load  application;  i.e.,  whenever  four  or  five 
floors  were  added  to  either  the  Avord  Arms  or  the  CN  Tower. 

Three  benchmarks  were  installed  and  correlated  such 
that  errors  due  to  unreliable  benchmarks  could  be  detected. 
Their  locations  are  indicated  on  Fig.  2.7.  The  benchmarks 
consisted  of  a  3/4  inch  steel  rod  driven  to  refusal  inside  a 
cased  auger  hole.  Stoppers  were  used  to  guide  the  steel  rod 
down  the  casing.  Sand  was  used  to  backfill  the  annular  space 
between  the  casing  and  auger  hole.  A  steel  threaded  cap 
served  to  protect  the  benchmark  at  ground  level.  Benchmark 
numbers  1  and  2  were  driven  to  refusal  at  depths  of  25  and 
29.5  feet  respectively  in  the  dense  glacial  till.  Benchmark 
number  3  located  inside  the  CN  building  was  driven  to  re¬ 
fusal  in  the  bedrock  shale  at  a  depth  of  110  feet.  A  survey 
traverse  taken  June,  1966  and  June,  1970  resulted  in  elevation 
differences  of  +1.3  mm.  and  -0.5  mm.  respectively,  indicating 
that  the  movement  of  benchmark  number  3  was  negligible. 

2 . 6  Building  Loads 

The  procedure  followed  in  deriving  the  footing  loads 
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Fig.  2.7  Detail  Map  A ,  Location  of  CN  Tower, 
Avord  Arms  Building,  Testholes  and 
Deep  Benchmarks 
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at  the  CN  Tower  was  based  on  three  assumptions: 

(1)  The  actual  footing  dead  loads  can  be  most  accurately 
calculated  using  the  concrete  quantities  delivered  to 
the  job. 

(2)  The  proportion  of  building  load  carried  by  a  single 
footing  is  in  accordance  with  the  distribution  calcu¬ 
lated  using  structural  design  loads. 

(3)  The  increase  in  footing  pressure  due  to  live  load  during 
the  move-in  period  is  equal  to  the  live  load  computed 

by  the  structural  designers,  the  values  having  been 
reduced  by  appropriate  factors  as  outlined  in  tne 
National  Building  Code. 

Assumptions  (1)  and  (2)  had  to  be  made  because  no 
columns  were  instrumented  for  the  purpose  of  measuring  the 
load  they  carried.  The  deadloads  computed  in  this  manner 
nearly  equalled  the  designer's  calculated  dead  load,  the 
latter  being  greater  by  about  10%. 

The  computed  reduced  live  load  comprised  only  4%  of 
total  load  carried  by  individual  footings  and  thus  assumption 
(3)  is  not  critical.  The  four  interior  footings  are  minor 
exceptions  with  the  reduced  live  load  contributing  approx¬ 
imately  10%. 

Tabulation  of  the  pile  group  loads  in  accordance  with 
the  procedure  outlined  above  was  not  possible  for  the  Avord 
Arms  building  as  a  day  to  day  record  of  poured  concrete 
quantities  was  not  available.  Although  the  Avord  Arms  was 
designed  by  a  different  firm,  the  close  agreement  of  the  CN 
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Tower  design  loads  with  the  derived  loads  is  an  indication 
that  this  shortcoming  is  perhaps  not  serious.  The  design 
pile  group  loadings  were  therefore  used  directly  and  include 
an  unknown  amount  of  reduced  live  load.  The  loading  history 
during  the  Avord  Arms  construction  period  was  determined 
simply  by  proportioning  the  total  load  to  the  pile  group 
on  the  basis  of  the  ratio  of  constructed  to  maximum  storey 
height. 

2 . 7  Settlement  Data 

The  maximum  settlement  recorded  at  the  CN  Tower  to 
February  25,  1970  is  3.0  cm.  The  maximum  differential 
settlement  observed  between  two  adjacent  columns  is  1.1  cm. 
over  a  span  of  37.2  feet.  A  simple  calculation  yields  an 
angular  distortion  value  (differential  displacement  divided 
by  length  of  span)  of  S/L  of  0.97  x  10~3  which  is  well  with¬ 
in  tolerable  limits  as  defined  by  Skempton  and  MacDonald 
(1956),  Bjerrum  (1963)  and  Feld  (1965). 

The  variation  of  both  contact  pressure  and  settlement 
with  time  for  several  CN  Tower  footings  is  illustrated  in 
Figs.  2.8,  2.9,  2.10  and  2.11.  It  is  quite  obvious  that 
the  settlement  response  to  increases  in  footing  contact 
pressure  is  very  rapid  and  can  be  termed  instantaneous. 

Most  of  the  settlement  takes  place  during  the  construction 
period,  the  settlement  taking  place  thereafter  constitutes 
less  than  approximately  13%  of  the  total.  Observations 
reported  by  Klohn  (1965)  on  tills  in  Saskatchewan  indicate 
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Fig.  2.8  Load  and  Settlement  History,  CN  Tower 
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Fig.  2.9  Load  and  Settlement  History,  CN  Tower 
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Settlement -cm  -  Footing  Pressure -ksf.-  Settlement  -  cm  -  Footing  Pressure -ksf.- 
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Fig.  2.10  Load  and  Settlement  History,  CN  Tower 
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Time  -  days- 


Fig.  2.11  Load  and  Settlement  History,  CN  Tower 
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similar  behaviour. 

This  rapid  response  to  loading  is  shown  even  more 
explicity  in  Fig.  2.12  where  settlement  is  plotted  versus 
the  log  of  time  since  the  start  of  construction.  If  it 
is  assumed  that  the  secondary  compression  continues  to  be 
proportional  to  the  log  of  time  for  footing  5,  then  an 
extension  of  the  line  predicts  only  an  additional  0.5  cm. 
of  settlement  over  the  next  25  years.  For  several  footings 
this  value  appears  to  be  even  smaller. 

For  all  practical  purposes  it  can  be  said  that  settle¬ 
ment  virtually  ceases  approximately  one  year  after  completion 
of  the  structure.  Several  footings  did  not  exhibit  any 
increase  in  settlement  during  the  recent  April  17,  1969  to 
February  25,  1970  survey  period.  The  maximum  at  footing 
number  14  remained  at  3.0  cm. 

It  is  interesting  to  note  the  settlement  recorded 
during  the  seventy  day  period  of  live  load  application,  the 
change  in  load  history  being  clearly  reflected  by  the  three 
readings  taken  at  that  time. 

The  variation  of  total  applied  load  and  settlement 
with  time  for  several  Avord  Arms  pile  groups  is  shown  in 
Figs.  2.13,  2.14  and  2.15.  The  estimated  nominal  contact 
pressures  are  given  in  brackets.  The  maximum  settlement 
recorded  to  May  29,  1970  is  3.2  cm.  for  pile  groups  8,  9  and 
10.  Again  it  is  obvious  that  the  settlement  response  to 
increases  in  foundation  loading  is  very  rapid. 

It  deserves  comment  here  that  despite  the  similarity 
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Fig.  2.12  Observed  Settlement  With  Time 

CN  Tower 
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Time  -  days  - 


3200 


Note  - 


The  loads  acting  during 
the  construction  period 
have  been  estimated  on 
basis  of  completed 
storey  height 

qN=Nominal  pressure  at  pile 
group  base 
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Fig.  2.13  Load  and  Settlement  History,  Avord  Arms  Building 
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Fig.  2.14  Load  and  Settlement  History,  Avord  Arms  Building 


Settlement  -  cm.  -  Total  Load  To  Pile  Group-Kips-  Settlement  -  cm.  -  Total  Load  To  Pile  Group*Kips~ 
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Fig.  2.15  Load  and  Settlement  History,  Avord  Arms  Building 
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in  the  maximum  settlement  recorded  at  the  CN  Tower  and 
Avord  Arms  there  is  an  appreciable  difference  in  average 
contact  pressure;  that  is,  the  building  load  over  the  total 
contact  area. 

In  the  case  of  the  CN  Tower  the  footing  sizes  are 
precisely  known.  For  the  Franki  pile  foundation  they  are 
not  as  the  extent  of  the  densified  bulb  of  soil  is  uncertain. 
If  one  takes  a  particular  pile  group  and  encloses  the  pattern 
with  straight  lines  always  at  a  distance  of  1.5  times  the 
pile  shaft  radius  away  from  pile  centers  (the  area  thus 
bounded  is  virtually  identical  to  the  pile  cap),  then  one 
can  calculate  the  end  bearing  pressure  for  the  pile  group. 
Calculation  of  the  nominal  pressure  by  this  procedure  is 
representati ve  as  the  concrete  volumes  required  to  form  the 
"spherical"  pile  bulbs  indicate  that  no  bulb  had  a  radius 
greater  than  1.5  the  radius  of  the  pile  shaft.  As  well, 
for  most  pile  groups  the  spacing  between  individual  piles 
was  about  3  to  4  feet  or  about  2  pile  diameters.  This  pile 
spacing  is  not  unusual  in  pile  foundations. 

Table  2.5  gives  pertinent  data  for  comparison  of  the 
two  foundation  types.  The  foundation  contact  pressures 
thus  calculated  for  the  Avord  Arms  vary  between  12.0  ksf 
and  26.5  ksf,  the  average  being  19.1  ksf.  This  differs  con¬ 
siderably  from  the  footing  contact  pressures  computed  for 
the  CN  Tower,  the  maximum  there  being  13.0  ksf. 

The  larger  contact  pressure  variation  at  the  Avord 
Arms  is  indicated  in  Fig.  2.13,  2.14  where  large  pile  groups 


TABLE 


47 


t/0 

2: 

cc 

< 

Q 

Qd 

O 


< 


4-> 

£= 

<u 

E 

cu 

4-> 

4-> 


T3 
CU 
> 
S~ 

cu 

CO 

jo 
cu  o 
00 


CD 

D)C  tl 
c  o 

•r-  -O  -r- 
S_  n3  S- 

=3  0  0) 
Q-IO 


cO 

4-> 

O 


4— 

O 


-*-> 

X>  C  CD 

E  cu  CU  C 

=3  >  E  •«-  O  * 

E  s-  CU  S-  N  E 

•I—  cu  I —  Q.  CD  O 

X  CO  +->  GO  ' —  — " 
(O  -Q  -t— ' 

510  0)0 
GO  +-> 


O)  00  CD 

i-  V)  C  - — ' 

=3  O  rO  <+- 

i/l  i-X)  (U  W) 
co  O  ■—  S-  -X 

<U  -I-  <c - 

i-  c=  r3 

Q.  o  CO 


CU 

s- 

=3  -  * 
+->  CO  4- 
O)  co  co 
2:  CU  -X 

s- - 

Q_ 


c 

>>  C 

o> 

cu 

JO  0 

-a 

S- 

•r— 

S_ 

=3 

-a  -*-> 

— . 

0 

co 

O)  CO 

4- 

LO 

0 

CO 

>  > 

CO 

• 

s- 

CU 

O  fO 

_x 

CO 

0) 

s- 

E  0 

— 

> 

CL 

o>  X 

0 

Cd  LlJ 

c= 

o 


O) 

•  1— 

cu 

4-> 

S- 

T3 

+-> 

-a 

CD 

0 

=5 

£= 

O 

0 

OO 

1 — 

CO 

CO 

co 

cu 

O 

•1— 

<4- 

• 

• 

S- 

4-> 

co 

s- 

S- 

(/) 

r— * 

CTi 

o> 

c 

o> 

+-> 

4-> 

a> 

1 — 

1 — 

> 

0 

S- 

CO 

CO 

CL 

1 — 

c_> 

D_ 

c 

o 

o 


co 


o 

00 


o 

co 


cxi 

CO 


CD 

r-'- 


co 


co 

r^ 


C Tl 


S- 

cu 


o 


co 

E 

S- 

<C 

“O 

S- 

o 

> 

c 


. 

- 


'  • 


48 


which  carry  the  greatest  load  settle  the  least.  Since  the 
greatest  portion  of  settlement  of  an  individual  pile  is 
generally  due  to  the  load  carried  by  that  pile  itself,  a 
reduced  pile  group  contact  pressure  usually  results  in 
reduced  settlement. 

The  settlements  for  four  pile  groups  are  plotted  in 
Fig.  2.16  against  the  log  of  time.  The  extrapolated  curves 
indicate  that  if  the  secondary  compression  continues,  most 
pile  groups  will  settle  an  addition  0.5  cm.  over  the  next 
twenty-five  years.  This  corresponds  to  a  slope  of  .65  cm. 
per  log  cycle  of  time  in  days  and  is  the  same  as  the  value 
found  for  some  CN  Tower  footings. 

Several  case  records  exist  which  indicate  that  the  pre¬ 
ceding  observations  are  typical  for  buildings  founded  on 
over-consolidated  soils.  A  statistical  study  of  case  records 
by  Som  (1968)  for  thirteen  structures  founded  on  over-con¬ 
solidated  clays  and  silty  clays,  indicated  that,  on  average, 
as  much  as  58%  of  total  settlement  occurs  during  construction. 
The  percentage  for  individual  cases  varied  between  31.5  and 
80.7  per  cent.  Since  most  observations  reported  in  these 
records  were  started  after  construction  had  progressed  to 
a  certain  extent,  the  percentages  quoted  above  could  actually 
be  greater. 

2 . 8  Mechanism  of  Settlement 

Since  the  response  to  loading  was  so  rapid  it  was  con¬ 
sidered  worthwhile  to  plot  the  CN  Tower  footing  contact  pres- 
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Time  -Years 

Fig. 2.16  Observed  Settlement  With  Time 

Avord  Arms 
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sures  against  observed  settlements.  The  parallelism  of 
curves  in  Fig.  2.17  suggests  that  there  is  a  relationship 
between  footing  pressure  and  settlement.  The  slight  curva¬ 
ture  evident  is  thought  to  be  due  to  the  inherent  non-linea¬ 
rity  of  the  soil  response.  However,  it  must  be  recognized 
that  any  time  dependent  settlement  taking  place  concurrently 
with  the  instantaneous  response  could  also  produce  this 
curvature.  The  curves  defined  in  these  diagrams  are  directly 
analogous  to  a  plot  of  settlement  versus  load  in  a  plate 
bearing  test,  the  only  difference  being  the  effect  of  mul¬ 
tiple  adjacent  footings. 

Corner  footings  and  interior  footings  would  by  virtue 
of  their  relative  locations  undergo  different  amounts  of 
settlement.  A  somewhat  superficial  method  was  devised  for 
assessing  the  effect  of  footing  position.  For  particular 
increments  of  load  following  the  initial  settlement  reading, 
the  average  of  the  vertical  stress  distribution  below  a 
particular  footing,  computed  using  the  Boussinesq  solution, 
was  plotted  versus  the  corresponding  settlement.  The  average 
would  be  greater  for  interior  footings  due  to  the  effects 
of  superposition,  the  settlement  tending  to  be  greater  here 
as  well.  Fig.  2.18  shows  that  all  the  settlement  values 
fall  within  a  relatively  narrow  band,  illustrating  that  the 
settlement  of  the  building  is  closely  related  to  the  com¬ 
bined  effects  of  footing  load  and  footing  location. 

To  assist  in  the  interpretation  for  a  possible  settle¬ 
ment  mechanism,  normalized  plots  of  the  footing  pressure  and 


■ 


>■ 


. 


' 


Footing  Contact  Pressure  - ksf- 


51 


-  urn  -  41101^0(4405 


o 


Fig.  2.17  Footing  Contact  Pressure 

and  Settlement  CN  Tower 
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Fig.  2.18  Relationship  Between  Settlement  and  Distribution 
of  Vertical  Stress  CN  Tower 
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settlement  record  were  prepared  for  the  CN  Tower  construc¬ 
tion  period.  The  example  shown  in  Fig.  2.19  for  footings 
no.  13  and  no.  14  indicates  by  virtue  of  the  small  deviation 
about  the  1:1  ratio  line,  that  the  mechanism  of  settlement 
is  one  of  elastic  behaviour. 

A  relatively  high  initial  settlement  at  light  loads 
occurred  at  several  footings.  Although  some  of  this  may 
be  due  to  survey  error  it  is  more  likely  recompres s i on  of 
soil  previously  heaved  by  rebound.  This  recomp  res s i on  would 
perhaps  encompass  such  phenomena  as  the  closing  of  fissures 
opened  during  excavation.  The  behaviour  is  described  more 
fully  in  a  later  chapter  dealing  with  rebound  observations 
at  the  AGT  Tower  site. 


2 . 9  Analysis  of  Settlement  Data 

The  equation  given  by  Steinbrenner  (1934)  and  Terzaghi 
(1943)  for  the  elastic  settlement  of  the  corner  of  a  rect¬ 
angular  uniformly-loaded  area  located  on  the  surface  of  a 
semi - i nf i n i te  solid  was  used  to  determine  the  foundation 
moduli  compatible  with  the  observed  settlements.  The  equation, 
which  is: 


q(i-y2)Bia 


(2.1  ) 


was  programmed  on  a  computer. 
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PN=Normalizing  Pressure 
SN=Normalizing  Settlement 


Fig.2.19  Normalized  Footing  Pressure 
and  Settlement  CN  Tower 
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A  =  settlement  at  the  corner 
q  =  uniform  footing  pressure 
y  =  Poisson's  ratio 

B  =  least  dimension  of  rectangular  area 
I  =  influence  value  for  settlement;  dependent  on 
footing  geometry. 

E  =  modulus  of  elasticity. 

Equation  2  allows  computation  for  the  settlement  of 
a  single  point  located  inside,  outside  or  on  the  bounda ry 
of  a  rectangular  loaded  area  (Terzaghi,  1943). 

A  .  (BiIa1  +  B2Ia2  ♦  B3Ia3  ♦  B4Ia4)  (2.2) 


The  general  superposition  technique  employed  here 
requires  definition  of  4  area  widths  B  and  4  influence  values 
1^.  When  a  foundation  is  loaded  by  21  CN  Tower  footings, 
superposition  to  include  load  dispersion  effects  requires 
84  widths,  influence  values  and  area  loadings  to  determine 
the  settlement  at  a  single  point.  The  task  becomes  truly 
formidable  when  settlements  are  desired  at  all  footing  centers 
and  at  additional  other  locations. 

The  computer  solution  only  requires  input  of  footing 
loads  and  geometry,  namely  their  centroidal  coordinates  and 
dimensions.  Computations  using  a  variety  of  footing  load 
increments  were  thus  easily  performed.  The  procedure  followed 
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was  to  solve  for  the  elastic  settlement  using  values  of 
Poisson's  ratio  of  y  =  0.3,  y  =  0.4  and  y  =  0.5  and  a  series 
of  elastic  modul i  E. 

Starting  at  day  225,  when  the  footing  contact  pressures 
first  exceeded  the  original  overburden  pressure,  the  load 
increments  used  for  these  calculations  varied  between  day 
283  and  day  723,  thus  utilizing  only  the  "net  settlement" 
that  occurred  subsequent  to  the  reloading  portion  of  the  load 
history.  For  each  load  increment  the  calculated  settlements 
were  compared  with  the  actual  settlements.  By  interpolation 
an  elastic  modulus  was  obtained  for  every  footing  for  which 
settlement  data  was  available.  Three  sets  of  moduli  were 
derived,  one  set  for  each  Poisson's  ratio.  Typical  histo¬ 
grams  are  shown  in  Fig.  2.20  and  illustrate  the  distribution 
of  results. 

For  the  settlement  increment  to  the  end  of  construction 
and  full  occupancy,  the  mean  values  and  standard  deviations 
are  given  for  thirteen  footings  in  Table  2.6. 

TABLE  2.6 

DERIVED  MODULI  -  DAY  225  to 
DAY  723  -  CN  TOWER 


y  E  Stnd.  Dev. 

(psi)  (psi) 


0.3  77,400  +  6800 
0.4  71  ,300  +  6000 
0.5  64,600  +  5300 
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Fig.  2.20  Histograms  of  Derived  Moduli  for 

Poisson's  Ratio  =  0.4  CN  Tower 
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As  might  be  expected  intuitively  from  observation 
of  the  narrow  band  of  settlement  points  previously  indicated 
on  Fig.  2.18,  the  standard  deviation  is  small,  being  only 
about  +  9 %  of  the  derived  moduli.* 

The  variation  of  derived  moduli  with  the  total  weight 
of  the  CN  Tower  is  shown  in  Fig.  2.21.  For  convenience  the 
applicable  dates  and  storey  heights  are  indicated  in  the 
same  diagram.  Each  plotted  point  represents  the  average 
of  the  observed  moduli  calculated  for  all  the  footings  for 
which  settlement  data  were  available,  usually  thirteen  in 
total  . 

The  sensitivity  of  the  se tt 1 ement -1 oad  relationship 
to  slight  load  variations  and  survey  error,  when  the  loads 
and  settlements  are  small,  is  reflected  by  the  resulting 
large  standard  deviation  for  the  set  of  derived  moduli.  This 
is  illustrated  in  Fig.  2.21  by  the  broad  band  width  at  low 
building  loads.  The  small  standard  deviation  shown  at  full 
building  height  is  indicative  that  the  elastic  settlement 
equation  accounts  for  essentially  all  the  differential 
settlements  observed  at  the  CN  Tower. 

Of  considerable  importance  is  the  reduction  in  derived 


*  The  moduli  calculated  at  the  CN  Tower  correspond 
closely  to  the  initial  moduli  of  elasticity  derived  from 
in-situ  plate  bearing  tests  by  Klohn  (1965)  for  the  case  of 
y  =  0.3.  The  moduli  derived  by  Klohn  from  settlement  data 
using  the  approximate  solution  for  an  elastic  layer  resting 
on  a  rigid  base,  are  approximately  double  the  CN  Tower  moduli. 
This  difference  is  perhaps  not  surprising  as  the  Edmonton 
till  has  a  higher  natural  moisture  content,  lower  density 
and  lower  unconfined  compressive  strength. 
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moduli,  considered  to  represent  non-linear  elastic  behaviour 
of  the  foundation  soil  with  increasing  load.  The  curve  is 
analagous  to  the  secant  modulus  of  a  stress  strain  curve, 
the  modulus  being  the  slope  of  a  line  originating  at  the 
overburden  pressure  and  passing  through  points  of  increasing 
stress  1  eve  1  . 

The  Avord  Arms  having  no  basement,  does  not  undergo 
rebound  and  is  thus  subjected  to  "net  settlement"  only. 

Since  the  pile  group  loads  were  not  accurately  known  during 
the  construction  period,  only  a  single  set  of  moduli  was 
derived  for  a  period  ending  at  approx imately  the  time  of 
full  occupancy  of  the  building. 

Utilizing  the  same  computer  program  as  for  the  CN 
Tower  analysis,  the  averages  for  17  pile  groups  are  given 
in  Table  2.7.  These  moduli  are  lower  than  the  values  com¬ 
puted  at  the  CN  Tower. 


TABLE  2.7 

DERIVED  MODULI  -  DAY  91  to 
DAY  632  -  AVORD  ARMS 


p 

E 

(psi  ) 

Stnd.  Dev. 
(psi  ) 

0.3 

43,830 

+  9650 

0.4 

40 ,590 

+  8900 

o 

• 

cn 

36,200 

+  7920 
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With  a  modulus  that  is  independent  of  stress  level, 
it  can  be  shown  that  for  constant  load  over  a  given  area 
the  settlement  computed  by  the  Steinbrenner  (1934)  solution 
is  virtually  independent  of  footing  sizes  within  the  area 
provided  the  footings  are  reasonably  close  to  one  another. 
However,  since  real  soils  generally  have  moduli  which  decrease 
with  increasing  stress  level,  then  at  constant  load  a  reduc¬ 
tion  in  footing  size  results  in  increased  settlement. 

This  effect  is  illustrated  in  Fig.  2.22  where  the 
derived  moduli  for  both  the  Avord  Arms  and  CN  Tower  is 
plotted  against  the  foundation  contact  pressure  in  excess 
of  the  overburden  pressure  at  footing  level.  It  can  be  seen 
that  data  for  the  Avord  Arms  is  consistent  with  that  observed 
for  the  same  soil  at  the  CN  Tower.  The  somewhat  larger 
standard  deviation  for  the  Avord  Arms  average  modulus  re- 
flects  the  larger  variation  in  pressures  acting  at  the  pile 
group  bases . 

The  negative  pressures  represent  the  difference  between 
the  smaller  footing  contact  pressure  and  the  original  over¬ 
burden  pressure  acting  at  footing  elevation.  Although  the 
data  is  limited,  the  large  settlements  observed  at  low  foot¬ 
ing  pressures  indicate  that  the  compress i bi 1 i ty  of  the 
fissured  till  is  greater  in  recompression  until  the  original 
overburden  pressure  is  reached. 

2.10  Comparison  Laboratory  and  Empirical  Data 


For  the  loading  range  3.6  ksf  to  11.3  ksf  the  derived 
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Footing  or  Pile  Contact  Pressure  in  Excess  of 
Overburden  Pressure  -ksf- 
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Fig. 2.22  Variation  of  Modulus  With  Contact 
Pressure 
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moduli  for  the  CN  Tower  equals  71,300  psi  for  y  =  0.4.  The 
corresponding  laboratory  moduli  from  consolidation  tests 
show  that  the  modulus  equals  approximately  2500  psi. 

Conversion  of  these  results  to  one-dimensional  moduli 
of  volume  compressibility  is  possible  by  means  of  the 
relationship: 


fi  =  1  .  (i+y)Q-2p) 

Aa  j  E  (1-y) 


(2.3) 


For  y  =  0.4,  the  empirical  mv  value  is  .000045  ft^/kip 
as  compared  with  approximately  .0013  ft  /kip  for  the  labora¬ 
tory  data. 

The  empirical  moduli  account  for  approximately  80  per 
cent  of  the  settlement  observed  to  date  at  the  CN  Tower. 

For  long  term  conditions  this  percentage  would  perhaps  be 
be  somewhat  lower  to  account  for  the  additional  0.5  cm. 
average  settlement  expected  over  the  next  25  years. 

Applying  a  factor  of  0.75  to  the  derived  moduli  reduces 
the  discrepancy  between  field  and  laboratory  only  slightly. 
The  ratio  of  field  to  laboratory  moduli  is  about  28,  and 
about  21  if  the  factor  0.75  is  applied. 

This  ratio  would  be  somewhat  different  if  laboratory 
compression  results  were  used.  The  ratio  would  be  larger 
for  the  confined  compression  data  and  equal  about  50.  The 
cell  pressures  used  in  the  consolidated  undrained  tests 
exceeded  overburden  pressures  and  thus  the  ratio  of  field 
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to  laboratory  moduli  of  5  is  only  an  approximation. 

This  complete  lack  of  agreement  between  field  and 
laboratory  derived  compressibilities  for  the  over-consolidated 
till  clearly  demonstrates  the  need  for  empirical  data  to 
accurately  predict  settlements  in  the  field. 

2.11  Procedure  for  Settlement  Analysis  from  Empirical  Data 

Since  the  over-consolidated  till  exists  over  a  great 
part  of  the  downtown  Edmonton  area,  the  soil  properties 
derived  are  directly  applicable  in  design. 

Consider  a  hypothetical  building  founded  on  unsaturated 
till  and  possessing  a  full  basement  sixteen  feet  below  ground 
surface.  The  allowable  bearing  pressure  designated  by  the 
soils  consultant  is  13.0  ksf.  The  bulk  unit  weight  of  the 
excavated  soil  is  given  as  125  pounds  per  cubic  feet. 

Knowing  that  the  water  table  is  at  considerable  depth 
near  the  bedrock  surface,  the  total  stress  change  at  foot¬ 
ing  level  is  .125  x  16  =  2.0  ksf.  Since  the  excavation  will 
heave,  resulting  in  appreciable  recompression  upon  loading, 
this  portion  of  settlement  is  computed  by  using  the  modulus 
taken  from  Fig.  2.22  for  a  pressure  of  -2.0  ksf. 

The  curve  at  -2.0  ksf  is  fairly  flat  so  interpolation 
requires  some  judgment.  If  the  excavation  is  open  for  a 
considerable  period  of  time,  say  four  months  or  more,  a 
modulus  of  20,000  psi  could  be  chosen.  If  construction  is 
rapid  with  no  delays,  a  modulus  of  35,000  psi  would  be  rea¬ 
sonable.  Since  the  till  is  unsaturated,  Poisson's  ratio  can 
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be  taken  as  0.4,  thereby  anticipating  volume  change.  Work 
by  Crawford  and  Burn  (1962)  and  Klohn  (1965)  on  tills, 
suggests  that  this  value  is  appropriate.  In  any  event, 
the  computations  are  not  sensitive  to  the  choice  of  Poisson's 
ratio.  The  choice  of  modulus  will  not  greatly  influence  the 
final  settlement  calculated,  as  this  settlement  is  only  a 
small  proportion  of  the  total  in  cases  where  the  excavation 
is  shallow. 

The  computer  program  found  in  Appendix  H  can  be  used 
to  perform  the  necessary  calculations.  The  input  required 
is  footing  geometry  and  loads  and  a  soil  modulus  and  Poisson's 
ratio.  Settlements  are  generated  at  all  footings,  as  well 
as  other  specified  points. 

The  contact  pressure  in  excess  of  the  overburden  pres¬ 
sure  is  13.0  -  2.0  =  11.0  ksf.  Again  using  the  data  of 
Fig.  2.22,  the  corresponding  deformation  modulus  is  57,000 
psi.  Specification  of  Poisson's  ratio  as  0.4  allows  calcu¬ 
lation  of  the  "net  immediate  settlement".  The  loads  now 
used  in  the  analysis  are  those  in  excess  of  the  overburden 
press u re  . 

Subtotalling  of  the  two  sets  of  settlements  yields 
the  "immediate  settlement"  of  the  structure  during  its  con¬ 
struction  period  to  full  occupancy. 

Long  term  settlements  can  be  estimated  in  two  ways. 

The  log  of  time  plots  indicate  that  secondary  settlements 
take  place  at  a  slope  of  approximately  0.5  cm.  per  log  cycle 
of  time  in  days.  Referring  to  the  time  scale  adopted  in 
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Fig.  2.12  an  estimate  for  the  long  term  movement  can  be  made. 

The  data  from  the  Avord  Arms  suggests  that  the  slope 
of  0.65  cm.  per  log  cycle  of  time  in  days  is  true  for  larger 
footing  pressures.  The  CN  Tower  data  seems  to  indicate 
that  several  footings  have  virtually  stopped  settling.  For 
this  reason  the  intermediate  slope  of  0.5  cm.  per  log  cycle 
of  time  in  days  was  adopted.  The  calculations  are  not 
sensitive  to  the  slope  adopted,  since  the  time  dependent 
movements  are  only  a  fraction  of  the  total. 

The  second  procedure  is  by  simply  using  the  observed 
construction  settlements  in  terms  of  the  percentage  of  the 
total.  For  the  Avord  Arms  the  value  was  80  per  cent  and 
applied  to  "net  settlements"  only.  In  the  preceding  section 
this  value  was  reduced  to  75  per  cent.  To  be  conservative, 
the  calculated  "net  immediate  settlements"  are  divided  by 
0.75  and,  the  results  added  to  the  "recompression  immediate 
settlements"  to  arrive  at  the  long  term  footing  displacements. 

For  a  building  founded  on  piles  and  having  no  basement, 
the  settlement  calculations  are  simplified,  as  the  applied 
loads  are  all  in  excess  of  the  overburden  pressure.  For 
the  hypothetical  building,  a  deformation  modulus  of  50,000 
psi  from  Fig.  2.22  is  used  corresponding  to  the  allowable 
pressure  of  13.0  ksf . 

2.12  Summary 

The  preceding  analyses  can  be  summarized  as  follows: 

(a)  The  settlement  response  to  loading  is  rapid  for  struc- 
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tures  founded  on  the  over-consolidated  till.  The 
settlements  experienced  during  the  construction  period 
comprise  about  75%  of  the  total  movements  and  can  be 
calculated  using  elastic  theory. 

(b)  Elastic  properties  of  the  foundation  soil,  as  determined 
in  conventional  laboratory  tests,  give  rise  to  unrea¬ 
listic  settlements  and  thus  cannot  be  used  to  perform 
the  required  computations.  For  example,  the  use  of 
laboratory  consolidation  data  in  the  prediction  of 
settlements  at  the  CN  Tower  would  yield  settlements 
approximately  25  times  greater  than  those  actually 
observed;  that  is,  75  cm.  rather  than  3.0  cm. 

(c)  The  empirical  foundation  moduli  derived  from  settlement 
observations  on  two  prototype  buildings  are  stress 
dependent.  The  mean  empirical  elastic  moduli  derived 
from  settlement  observations  vary  from  105,000  psi  to 
30,000  psi  as  contact  pressures  increase  from  2.5  ksf 
to  23.5  ksf. 

(d)  The  modulus  of  recompression  to  the  original  overburden 
pressure  can  be  less  than  those  for  compression  beyond 
the  overburden  pressure. 

(e)  It  would  appear  that  the  relative  merit  of  end  bearing 
piles  to  spread  footings  for  the  same  till  formation 

can  be  determined  only  on  the  basis  of  tolerable  settle¬ 
ments,  allowable  footing  pressures  and  consideration 
of  the  economy  of  the  foundation  type. 

(f)  There  is  some  suggestion  that  the  increment  of  long  term 
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settlement  may  be  slightly  greater  for  foundations 
with  larger  contact  pressures. 

(g)  On  the  basis  of  experience  at  the  Avord  Arms,  there 

is  some  suggestion  that,  especially  for  confined  load 
areas  such  as  pile  bases,  allowable  bearing  pressures 
on  the  till  can  be  as  great  as  18.0  ksf  without  exces¬ 
sive  settlement. 
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CHAPTER  III 


THE  INFLUENCE  OF  STRUCTURAL  RIGIDITY  ON 
CN  TOWER  FOOTING  LOADS 

3 . 1  Introduction 

The  analysis  of  the  CN  Tower  settlement  data,  as  des¬ 
cribed  in  an  earlier  chapter,  followed  a  practice  often 
adopted  in  design  by  assuming  that  the  building  is  perfectly 
flexible.  Thus  the  basic  footing  loads  as  calculated  from 
contributing  floor  areas  are  assumed  to  remain  unchanged 
regardless  of  any  differential  deformations  to  which  the 
structure  may  be  subjected.  This  is  to  say  that  the  effects 
of  foundation  and  structure  interaction  are  ignored. 

For  many  structures  perfect  flexibility  is  a  reason¬ 
able  approximation.  This  is  particularly  so  with  low  struc¬ 
tures  or  flat  plate  apartment  buildings.  In  contrast,  any 
frame  possessing  beams  of  short  span  lengths  and  deep  section 
could  be  considered  as  a  stiff  structure.  The  inclusion  of 
several  shear  walls  throughout  the  interior  of  some  rein¬ 
forced  concrete  buildings  contributes  greatly  to  the  overall 
s  ti ff ness  . 

The  CN  Tower,  described  earlier  in  Chapter  II,  is  a 
reinforced  concrete  building  which  possesses  a  relatively 
large  stiffness.  Thick  interior  walls  between  the  second 
and  fifth  floors  support  a  parking  garage  cantilevered  beyond 
the  main  tower  section.  By  virtue  of  being  a  mu  1 ti -storeyed 
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building,  the  column  loads,  particularly  at  lower  levels,  are 
large.  The  required  column  dimensions  cause  members  to 
possess  great  resistance  to  bending.  To  a  lesser  extent, 
the  many  floor  slabs  and  beams  contribute  further  to  overall 
building  stiffness. 

Since  the  assumption  of  perfect  building  flexibility 
used  in  the  analysis  of  Chapter  II  may  depart  appreciably 
from  reality,  it  is  desirable  to  investigate  the  relative 
flexibility  of  the  CN  Tower.  Of  particular  interest  is  the 
effect  of  structural  rigidity  on  the  footing  loads  as  the 
frame  undergoes  differential  distortion. 

In  this  chapter  the  footing  design  loads,  as  calculated 
conventionally  from  tributary  floor  areas  and  column  weights, 
are  termed  the  basic  footing  loads.  Any  change  in  these 
basic  footing  loads  due  to  redistribution  as  differential 
displacements  take  place  are  called  footing  reactions.  The 
resulting  combination  of  the  basic  footing  load  and  the  foot¬ 
ing  reaction  is  defined  as  the  net  footing  load.  Unless 
otherwise  noted  all  these  forces  are  vertical. 

3 . 2  Analysis  of  the  Structural  Frame 

Since  the  members  in  the  CN  Tower  structure  possess 
a  stiffness  of  known  magnitude,  the  imposition  of  any  parti¬ 
cular  set  of  observed  footing  settlements  on  the  structure 
will  generate  reactions  solely  due  to  bending  of  structural 
members  and  thus  modify  the  original  estimated  basic  footing 
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To  solve  for  these  reactions,  use  was  made  of  Struc¬ 
tural  Design  Language  II  known  by  the  acronym  STRUDL  II, 
developed  at  the  M.I.T.  Civil  Engineering  Systems  Laboratory. 
STRUDL  is  a  general  computer  program  which  operates  as  a 
subsystem  of  the  Integrated  Civil  Engineering  System  (ICES). 
It  can  be  described  simply  as  a  computer  language  with  which 
a  structural  engineer  can  describe  a  problem,  specify  its 
solution  procedures  and  ask  for  results  (Logcher  et_  al  .  , 

1968) . 

Only  those  techniques  particular  to  the  analysis  of 
the  CN  Tower  will  be  mentioned  here.  Details  of  the  STRUDL 
language  are  described  fully  in  the  manuals  cited  in  the 
references  (Roesset  and  Efimba,  1968). 

The  complete  building  was  described  to  the  computer 
as  a  three-dimensional  space  frame.  All  joints  were  speci¬ 
fied  in  a  "global"  coordinate  system  with  individual  members 
being  defined  as  a  line  between  any  two  joints.  The  CN 
Tower  core  wall  is  a  rigid  member  relative  to  the  surround¬ 
ing  floor  slabs,  beams  and  columns.  Considering  the  base  of 
the  rigid  core  fixed  vertically,  all  joints  of  members  fram¬ 
ing  into  it  were  defined  as  supports.  In  this  way  the  true 
lengths  of  these  members  could  be  maintained.  A  section 
through  the  CN  Tower  is  shown  in  Fig.  3.1  and  indicates  the 
manner  in  which  the  space  frame  is  defined  in  ICES-STRUDL. 

The  properties  of  individual  members  were  specified 
in  a  "local"  coordinate  system.  For  every  member  type  in  the 
CN  Tower,  the  moments  of  inertia  were  calculated  about  the 
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Fig.  3.1  CN  Tower  Space  Frame 
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two  principal  axes  and  the  torsional  rigidity  of  the  member 
was  determined  in  accordance  with  the  procedure  outlined  by 
Timoshenko  (1955).  For  members  which  could  be  classified 
as  thin-walled  open  sections,  the  overall  rigidity  to  tor¬ 
sion  was  considered  to  be  the  sum  of  the  torsional  stiffnesses 
of  the  component  sections  of  the  beam  (Oden,  1967). 

Waffle  slabs  were  considered  as  beams  whose  section 
extended  horizontally  over  the  midspan  distance  to  the  adja¬ 
cent  beam.  Columns  or  beams  framing  into  walls  were  con¬ 
sidered  to  have  as  their  section  a  portion  of  wall  of  length 
four  times  its  thickness.  (ACI  Standard  318-63,  Sect.  906). 
Non-pr i sma ti c  members  were  broken  into  prismatic  segments  of 
specified  length,  having  individual  segment  properties. 

Fig.  3.2  shows  a  typical  member  defined  in  both  global 
coordinates  within  the  frame  and  individually  in  local  co¬ 
ordinates.  The  moment  of  inertia  IZ,as  indicated  in  the  dia¬ 
gram,  was  taken  to  be  one  order  of  magnitude  greater  than 
those  about  other  axes.  Since  bending  about  the  Z  axis  is 
virtually  zero  this  simplification  was  made  in  order  to  eli¬ 
minate  excessive  computation.  To  eliminate  consideration 
of  axial  shortening  the  section  area  of  members  was  taken 
to  be  at  least  an  order  of  magnitude  greater  than  the  actual. 
This  procedure  was  followed  for  two  reasons,  the  first  being 
that  the  bulk  of  axial  shortening  would  take  place  due  to  the 
basic  loading,  a  loading  condition  not  being  applied  to  the 
structure  in  this  analysis.  The  second  and  more  important 
reason  for  preventing  axial  shortening  was  to  simplify  the 
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Fig.  3.2  Typical  Definition  of  Member  and 
Member  Properties 
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modelling  of  the  heavy  interior  walls. 

In  the  analysis  the  interior  walls  were  represented 
by  an  equivalent  truss  which  would  offer  the  same  resistance 
to  differential  displacements.  As  shown  in  Fig.  3.3  the 
wall  has  a  diagonal  length  of  d-j  where 


3.1 


Application  of  shear  force  T  gives  rise  to  the  shear  stress 
t  where 


3.2 


By  introducing  the  shear  modulus  G  the  shear  strain,  y  is: 


_  t  _  T 
Y  "  G  b  • t  -G 


3.3 


and  the  vertical  displacement  A  at  point  0  as  shown  in  the 
figure  becomes 


A 


yZ 


J'Z 
b  *t  *G 


Hence,  the  new  length  of  the  diagonal  becomes 
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Real  Wall 


Equivalent  Truss 


Diagonal  has  finite  cross-sectional  area  A 

A*-T  di  .  _ ij _ 

bE  (d2-d,) 

where  d2  =  J  l2  +  ( b  +  a  )2 


Fig.  3.3  Representation  of  Wall 

as  Equivalent  Truss 
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With  the  application  of  the  identical  forces  on  the 
truss  the  vertical  displacement  A  at  0  must  be  duplicated. 
Only  the  diagonal  has  a  finite  cross-sectional  area  and 
thus  undergoes  axial  shortening. 

The  tension  force  P  carried  by  the  diagonal  is 


P 


T 

COS  <f> 


3.4 


Note  here  that  cos  <j>  is  assumed  to  remain  unchanged.  Having 
specified  that  the  displacements  of  the  wall  and  the  truss 
must  be  identical,  the  strain  in  the  diagonal  thus  equals 


e  = 


3.5 


Introducing  the  modulus  of  elasticity  E,  yields  the  required 
cross-sectional  area  A. 


P  ^  d  i  d  i 

A  =  =  ~b T~  ’  (d2-d]  )  3,6 

Since  STRUDL  requires  certain  properties  for  each  defined 
member  the  imaginary  diagonal  was  assigned  moments  of  inertia 
equal  to  unity.  In  this  way  the  diagonal  itself  could  not 
offer  any  appreciable  resistance  to  bending  or  torsion  but 
could  only  act  in  tension  or  compression  to  duplicate  wall 


action. 
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3 . 3  Definition  of  Input  Displacements 

In  order  to  compute  reactions  due  to  settlements  using 
the  STRUDL  program,  it  was  necessary  to  input  the  deflections 
of  all  the  supports  of  the  space  frame.  However,  since  dis¬ 
placement  measurements  were  unavailable  for  some  footings 
they  had  to  be  estimated  for  the  purpose  of  this  analysis. 

Of  the  nineteen  columns  instrumented,  readings  on  five  had 
to  be  terminated  shortly  after  completion  of  the  structure. 

One  column  could  not  be  instrumented  throughout  the  entire 
construction  period  and  thus  settlements  were  estimated  for 
it  on  the  basis  of  the  values  recorded  at  three  symmetrically 
placed  positions.  Although  these  estimates  were  not  critical, 
the  absence  of  readings  on  the  core  was. 

Since  settlements  had  to  be  specified  for  the  STRUDL 
program  for  the  core,  these  were  estimated  by  plotting  the 
settlement  profiles  across  the  core  for  the  footings  adjacent 
to  it.  Several  of  these  are  shown  in  Fig.  3.4.  In  most 
cases,  the  vertical  displacements  could  be  estimated  quite 
easily  with  an  error  of  about  +  .15  cm. 

The  revealing  fact  as  shown  in  the  figure  is  that  there 
has  likely  been  a  slight  tilt  of  the  core  in  the  early  stages 
of  construction,  prior  to  the  building  of  the  parking  garage 
cantilever  area  with  its  heavy  interior  walls.  There  is  some 
suggestion  that  the  core  tilt  of  approxi mately  1/6200  was 
subsequently  reversed  slightly  by  an  unknown  amount. 

Although  the  estimated  tilt  is  small  its  effect  would 
be  noticeable.  Settlement  readings  on  all  four  sides  of  the 
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Sections 

Note: 

Footing 
numbers  as 
per  Fig.  2.4 


A*  3  6  14  18 

Be  2  7  Core  21  13  19 


Call  17 

DA  9  Core  21  10 


E  O  8 

F  a  5 

h 


Core  21 


15 

12 


Settlement 

Profiles 

Dec. 10/64  0 

Day  122  o.5 

Settlement,  cm  io 


July.  6, '65  05 

Day  330  io 

Settlement,  cm  15 


1 .04  cm 


Settlement  #21  =  0.25  cm 


Fig.  3.4  Settlement  Profiles  Through 

the  CN  Tower  Core 
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core  would  have  enabled  the  author  to  introduce  into  the 
analysis  not  only  vertical  displacements  but  also  the  hori¬ 
zontal  movements  at  the  upper  core  supports,  thus  allowing 
for  core  tilt. 

3 . 4  Significance  of  Variation  of  Structural  Rigidity  with 

Storey  Height 

Before  discussing  the  significance  of  the  vertical 
reactions  generated  by  STRUDL  it  is  important  to  realize 
that  the  reactions  are  a  function  of  the  structural  framework 
analyzed  and  the  displacements  imposed  upon  it.  The  struc¬ 
tural  stiffness  of  a  building  increases  with  the  completed 
height  by  virtue  of  the  additional  members  added  to  the  total 
framework  as  each  storey  is  built. 

In  Chapter  II  it  was  shown  that  approximately  80  per¬ 
cent  of  the  settlement  recorded  to  February  25,  1970  at  the 
CN  Tower  took  place  during  construction.  These  settlements 
have  been  observed  on  a  structure  whose  rigidity  is  not  con¬ 
stant  but  increases  with  time. 

This  concept  is  of  great  importance  in  assessing  the 
soi 1 -structure  interaction  and  it  forms  the  basis  for  the 
discussion  of  Chapter  IV.  It  is  also  important  in  the  deter¬ 
mination  of  vertical  reactions  in  the  STRUDL  analysis,  as 
only  the  observed  settlements  for  a  particular  portion  of 
the  construction  period  must  be  imposed  on  the  portion  of 
structure  ex i sting  at  the  completion  of  the  period.  This  is 
markedly  different  from  conventional  s oi 1 -s true ture  inter- 
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action  analyses,  which  utilize  the  structural  stiffness  of 
the  completed  building  and  assume  that  at  completion  of 
construction  the  loads  are  suddenly  applied  with  consequent 
settl ements . 

The  settlement  data  and  the  portion  of  the  structure 
analyzed  is  shown  in  Table  3.1.  Thus,  for  example,  the 
first  sixteen  floors  of  the  CN  Tower  would  be  subjected  to 
the  observed  increments  of  settlement  between  May  27th,  1965 
and  July  6th,  1965.  Even  this  is  an  approximation,  as 
ideally  increments  of  settlement  for  every  single  storey  of 
increased  building  height  should  be  used,  thus  following 
precisely  the  history  of  structural  stiffness  with  time. 

Note  that  in  trial  8  the  increment  of  settlements, 
since  the  completion  of  the  structure  to  February  25th,  1970, 
represents  the  time  dependent  behaviour  of  the  foundation 
and  structure  at  constant  building  height  over  that  period. 

Computation  time  for  a  sixteen  storey  CN  Tower  space 
frame  by  means  of  ICES  STRUDL  II  on  an  IBM  360/67  using  500  K 
storage,  took  approximately  4  hours. 

3 . 5  Analysis  of  Results 

The  reactions  generated  by  the  STRUDL  analysis  consist 
of  force  components  in  the  three  principal  (global)  directions 
as  well  as  moments  about  all  three  axes.  The  significance 
of  the  horizontal  forces  and  moments  will  be  discussed  first 
before  considering  in  detail  the  vertical  reactions. 

In  STRUDL  the  footings  were  considered  as  fixed  supports 
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TABLE  3.1 

SETTLEMENTS  AND  COMPLETED  STOREY  HEIGHT 
OF  THE  CN  TOWER 


Date 

Settl ement 
Set  No.  and 
Trial  No. 

Compl eted 
Storey 

Height 

Settl ement 

I  ncreme  n t 

Dec  . 

10, 

64 

1 

Ground  Floor 

Initial 

to  1 

Ma  r . 

23, 

65 

2 

3 

1 

to 

2 

May 

20, 

65 

3 

10 

2 

to 

3 

May 

27, 

65 

4 

1 1 

3 

to 

4 

July 

6, 

65 

5 

16 

4 

to 

5 

Aug  . 

16, 

65 

6 

21 

5 

to 

6 

Oct . 

00 

CM 

65 

7 

Roof 

6 

to 

7 

Feb  . 

25, 

70 

8 

Roof 

7 

to 

8 

. 


83 


capable  of  generating  other  than  just  vertical  reactions. 

Since  the  footing  sizes  of  the  CN  Tower  are  large,  it  was 
found  that  the  moments  could  easily  be  generated  without 
significant  deviation  from  the  assumed  condition  of  support 
fixity.  For  example,  the  largest  moment  generated  in  trial 
5  for  footing  number  3  was  2000  inch-kips  about  the  x  "global" 
axis.  An  equal  but  opposite  triangular  force  distribution 
on  each  of  the  two  halves  of  the  footing  can  represent  the 
moment.  For  the  24  foot  by  24  foot  support  the  maximum  force 
per  square  foot  required  at  the  footing  edges  was  approxi¬ 
mately  .08  kip  per  square  foot.  This  is  very  small  and  can 
easily  be  generated  without  footing  rotation. 

Since  all  the  input  displacements  were  vertical,  the 
reactions  in  the  two  horizontal  directions  tended  to  be  much 
smaller  in  comparison  with  those  in  the  vertical  direction. 

The  footings  at  the  CN  Tower  are  of  considerable  depth  and 
were  formed  by  neat  hand  excavation  directly  into  the  dense 
till.  Due  to  the  absence  of  backfill  at  the  sides  the  small 
horizontal  reactions  could  easily  be  generated  without 
significant  lateral  movements  of  the  footing. 

The  vertical  reactions  in  terms  of  the  basic  loads  are 
plotted  in  Fig.  3.5  for  footings  3,  14  and  18.  Since  the 
reactions  could  be  either  negative  or  positive,  depending 
on  the  relative  settlements  during  the  construction  increment, 
the  reactions  given  in  Fig.  3.5  are  in  terms  of  the  absolute 
value  as  a  percent  of  the  basic  footing  loads.  From  the 
settlement  data  presented  in  Chapter  II  it  can  be  shown  that 
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Absolute  Reaction  Load  as  a  Percentage  of  Basic 
Footing  Load  at  Time  of  Settlement  Reading 

Fig.  3.5  The  Variation  of  Support  Reactions 

Induced  by  Frame  Distortions  Observed 
During  Construction,  CN  Tower 
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the  difference  between  the  maximum  and  minimum  settlement 
never  exceeded  0.9  cm.  (.35  inches)  for  any  data  set.  Fig. 

3.5  clearly  illustrates  that  the  settlement  variation  over 
this  limited  range  can  generate  appreciable  footing  reactions. 

This  conclusion  was  also  obtained  by  Meyerhof  (1953) 
who  observed  that  structural  deformations  induced  appreci¬ 
able  stresses  in  spandrel  beams  and  in  columns,  particularly 
those  in  the  lower  storeys. 

The  data  plotted  for  footing  18,  which  is  connected  to 
the  rest  of  the  structure  by  means  of  a  relatively  flexible 
beam  shows  that  the  load  redistributions  to  or  from  this 
footing  are  small,  amounting  to  only  -5.4  per  cent  at  the  end 
of  construction,  this  being  reduced  to  +2.8  per  cent  over 
the  subsequent  4^  year  time  span. 

In  contrast  to  this  is  the  column  framing  into  footing 
3  which  is  connected  to  the  core  through  a  relatively  rigid 
girder  and  to  the  cantilever  support  walls  within  the  park¬ 
ing  garage.  At  the  end  of  construction  the  reaction  by  the 
incremental  procedure  is  -8.0  per  cent,  which  is  increased 
to  -3C.4  per  cent  during  the  4^  year  time  span.  A  reaction 
of  -30.4  per  cent  represents  a  decrease  of  in  footing  load 
of  2271  kips  at  footing  3. 

Starting  with  trial  5,  the  total  footing  displacements 
experienced  were  applied  to  the  structure  completed  at  that 
time.  This  is  parallel  with  the  conventional  approach  men¬ 
tioned  previously. 

From  the  data  given  in  Fig.  3.5  it  is  immediately 
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obvious  that  there  is  no  resemblance  between  the  non- 
incremental  (conventional)  approach  and  the  more  realistic 
incremental  procedure. 

The  data  presented  in  Table  3.2  indicates  that  for 
footing  No.  5  there  is  at  the  end  of  construction  a  299  kip 
reduction  in  the  load  at  footing  level  which  equals  a  6.4% 
of  the  basic  loading  thought  to  exist  on  the  footing.  Using 
the  identical  total  settlements  and  the  stiffness  of  the 
complete  building,  the  conventional  procedure  predicts  an 
increase  in  load  of  1526  kips  which  equals  32.6  per  cent  of 
the  basic  loading.  This  lack  of  agreement  is  characteristic 
of  the  results  calculated. 

The  reduction  in  load  of  738  kips  for  the  time  dependent 
period  is  approximately  equal  to  the  similar  reduction  from 
1526  to  761  kips  for  the  conventional  procedure.  This  is 
to  be  expected  as  the  structural  frame  used  in  both  trial  7 
and  trial  8  remains  unchanged. 

The  magnitudes  of  reactions  indicated  for  footing  5 
can  oe  described  as  typical.  In  the  case  of  footings  1  to 
4,  located  on  the  south  side  of  the  CN  Tower,  the  reactions 
are  considerably  larger  due  to  the  proximity  of  the  thick 
walls  required  for  the  support  of  the  overhead  cantilever  sec¬ 
tion.  February  25,  1970  are  -30.4%  and  -58.1%  for  the  incre¬ 
mental  and  conventional  procedures  respectively.  These  per¬ 
centages  represent  loads  of  -2271  and  -4339  kips.  The  values 
for  footing  2  are  +2%  and  +29.9%  for  the  respective  methods  of 
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calculation.  A  complete  table  of  results  can  be  found  in 
Appendix  C. 

The  reactions  on  the  central  core  were  much  smaller 
than  for  most  footings.  The  February  25,  1970  data  indicates 
that  for  both  the  conventional  and  incremental  solutions, 
the  basic  loading  of  the  core  would  only  be  altered  by  +1.8%. 
This  low  redistribution  to  the  core  was  typical  throughout 
all  eight  trials. 

As  can  be  observed  in  Fig.  3.4,  the  settlement  pattern 
of  the  CN  Tower  did  not  conform  to  a  bowl  shaped  depression. 
In  light  of  the  analysis  presented  in  Chapter  II,  this  is 
perhaps  not  surprising,  as  the  contact  pressure  of  the  core 
footing  was  about  1  ksf.  lower  than  the  surrounding  column 
supports. 

Because  of  this  somewhat  unusual  settlement  pattern 
the  positive  and  negative  vertical  reactions  generated  at 
the  core  supports,  due  to  the  relative  positions  of  the 
surrounding  footings,  tended  to  negate  one  another  such  that 
their  sum  was  small.  Had  the  settlement  pattern  been  typical 
the  maximum  settlement  of  the  core  would  have  generated  a 
net  negative  reaction  at  the  core  supports  with  the  adjacent 
column  supports  reflecting  a  net  positive  reaction. 

The  reactions  induced  by  the  settlements  experienced 
during  the  period  from  October  28,  1965  to  February  25,  1970 
were  such  that  there  was  an  overall  reduction  of  the  vertical 
support  loads  in  the  centre  of  the  building  with  a  correspond 
ing  increase  at  the  peripheral  footings.  The  settlement  of 
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the  central  part  of  the  building  is  likely  due  to  non-elastic 
behaviour  of  the  foundation  (creep)  and  the  creep  of  concrete 
members . 

The  reactions  computed  were  not  applied  to  the  basic 
footing  loads  and  used  to  recalculate  the  derived  moduli  of 
deformation  by  the  procedures  outlined  in  Chapter  II. 
Intuitively,  the  load  percentages  quoted  above  would  indi¬ 
cate  that  the  altered  basic  loads  would  give  rise  to  an  in¬ 
creased  scatter  in  the  derived  moduli,  thereby  indicating 
that  perhaps  local  "soft"  or  "firm"  foundation  areas  exist 
within  the  confines  of  the  building  perimeter.  However,  since 
the  sum  of  the  vertical  reactions  generated  by  STRUDL  would 
always  equal  zero,  the  effects  of  load  dispersion  would  cause 
the  average  of  all  the  derived  moduli  to  change  little  from 
the  value  previously  calculated.  For  these  reasons  the 
reactions  were  not  used  for  further  calculation. 

3 . 6  Some  Factors  Affecting  Interaction  Results 

The  assessment  of  building  rigidity  is  not  a  simple 
task.  Deviations  from  rigid  joint  action  and  cracking  of 
members  make  the  structure  less  stiff  than  analysis  would 
indicate.  In  contrast  to  this  tendency  towards  flexibility, 
light  internal  partitioning,  architectural  facings,  mechani¬ 
cal  piping,  etc.  all  tend  to  increase  overall  stiffness. 

To  take  these  effects  into  account  is  an  impossible  task. 

For  long  term  considerations,  yielding  of  the  steel 
reinforcement  and  creep  of  concrete  leads  to  an  overall 
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reduction  in  stress  concentrations  introduced  by  differential 
movements  of  supports  (Neville,  1963).  This  effect  can  be 
approximated  by  a  reduction  in  the  modulus  of  elasticity 
used  in  the  structural  analysis  or  by  applying  a  judgment 
factor  to  the  results.  Throughout  the  entire  STRUDL  analysis 
a  modulus  of  elasticity  of  3150  kips  per  square  inch  was 
used.  No  reduction  or  judgment  factor  was  applied  in  trial 
no.  8  to  allow  for  creep  effects. 

Based  on  the  results  of  long  term  deflection  tests, 
the  ACI  Building  Code  Requirements  for  Reinforced  Concrete 
(ACI  318-63,  Sect.  909)  suggest  that  multipliers  acting  on 
immediate  deflections  be  used  to  estimate  long-time  deflec¬ 
tions  of  flexural  members  under  sustained  loads.  This  is 
comparable  to  allowing  a  reduction  in  loading  to  maintain 
a  sustained  deflection.  Thus  the  use  of  a  multiplier  of 
2.0  to  compute  the  additional  sustained  load  deflections  for 
the  case  of  no  steel  compressive  reinforcement  is  similar  to 
a  reduction  of  2/3  in  reactions  generated  by  differential 
building  deflections.  This  reduction  is  somewhat  severe  and 
perhaps  reflects  the  discrepancy  between  ultra-conservative 
conventional  approaches  to  soil  structure  interaction  which 
predict  high  support  reactions  and  member  stresses  and  the 
behaviour  of  real  buildings  which  do  not  appear  to  exhibit 
signs  of  distress  under  these  conditions. 

Because  the  mechanism  of  creep  is  as  yet  not  fully 
understood  and  since  the  above  stated  multipliers  refer  to 
simply  supported  beams,  considerable  judgment  must  be  exer- 
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cised  in  applying  factors  to  the  results  obtained  from  the 
analysis  of  a  building  frame. 

Recent  work  by  Ghali,  Dilger  and  Neville  (1969)  indi¬ 
cates  that  the  effect  of  creep  on  a  continuous  beam  sub¬ 
jected  to  an  ultimate  settlement  of  0.92  inches  occurring 
in  one  year  results  in  an  induced  support  reaction  approxi¬ 
mately  1/2  of  the  value  without  creep  relief.  Although 
this  factor  is  derived  for  the  case  of  time  dependent  settle¬ 
ment  it  would  likely  also  be  applicable  to  any  lower  storey 
beam  in  the  CN  Tower  which  undergoes  deflection  due  to 
immediate  settlements  induced  by  further  loading  of  the  sup¬ 
ports  during  construction  of  the  building. 

3 . 7  General  Observations  and  Summary 

An  analysis  of  this  type  wherein  the  variation  in 
structural  rigidity  is  taken  into  account  becomes  particularly 
attractive  where  design  criteria  are  critical  and  where  dis¬ 
placements  must  be  controlled.  An  example  of  this  is  per¬ 
haps  a  nuclear  reactor  installation  where  differential 
displacements  and  cracking  of  the  structure  must  be  strictly 
1 i mi  ted  . 

Upon  imposition  of  a  shock  wave  due  to  earthquake  or 
blast,  the  behaviour  of  the  structure  will  be  affected  by 
the  stresses  induced  by  foundation  settlement.  To  perform 
the  dynamic  analysis  the  effect  of  differential  displacements 
already  existing  in  the  building  must  be  assessed  by  either 
the  incremental  method  or  the  ultra-conservative  conventional 
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method  of  analysis.  Where  the  bulk  of  settlement  takes 
place  during  the  construction  period  the  incremental  proce¬ 
dure  would  be  more  appropriate. 

The  usual  structural  design  practice  is  to  take  the 
settlement  pattern  estimated  from  the  basic  footing  loads 
and  calculate  the  moments  generated  in  individual  members 
due  to  the  differential  displacements.  If  the  shear  or 
moment  capacity  is  exceeded,  additional  reinforcing  may  be 
used  to  satisfy  design  requirements. 

Generally,  the  axial  loads  generated  by  individual 
beam  shear  reactions  are  not  computed  or  used  to  recalculate 
new  footing  loads  and  therefore  a  new  estimate  of  settlement. 
This  procedure  is  conservative,  as  the  new  settlement  pattern 
will  possess  smaller  differentials  at  the  supports  due  to 
the  effect  of  s o i 1 -s t rue tu re  interaction. 

The  overall  factor  of  safety  in  a  structural  frame  is 
probably  about  2.0  at  the  full  design  load.  This  means  that 
even  if  signs  of  distress  were  evident,  collapse  would  not 
occur  unless  the  building  was  subjected  to  about  twice  the 
design  load.  Undoubtedly  many  secondary  effects  and  unknowns 
can  be  accommodated  by  this  factor  of  safety. 

From  the  point  of  view  of  axial  loading  at  the  supports 
it  would  appear  that  a  major  component  of  these  unknowns 
could  consist  of  the  reactions  generated  by  differential 
displacements.  This  is  verified  by  the  support  reactions 
at  the  CN  Tower  which  were  computed  to  be  as  high  as  40  per 
cent  of  the  basic  footing  load.  The  conventional  method  of 
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analysis  predicts  values  even  greater  than  these. 

Implementation  of  techniques  to  compute  soil  structure 
interaction  effects  could  lead  to  a  reduction  of  the  amount 
of  "extra  building"  presently  built  into  structures. 

To  summarize,  the  following  points  can  be  made: 

(a)  In  performing  a  soi 1 -structure  interaction  analysis, 
the  variation  in  structural  rigidity  with  storey  height 
cannot  be  ignored,  particularly  when  the  displacements 
during  the  construction  period  dominate  the  settlement 
history  of  the  building. 

(b)  The  incremental  method  of  analysis,  which  allows  for 
the  variation  in  structural  rigidity,  is  less  conserva¬ 
tive  but  more  realistic  than  conventional  approaches. 

The  two  methods  bear  little  relation  to  one  another. 

For  example,  in  some  instances  the  incremental  method 
predicts  a  negative  support  reaction  whereas  the  conven¬ 
tional  procedure  predicts  a  positive  quantity. 

(c)  The  distortions  of  a  real  structural  frame,  induced  by 
small  differential  settlements  at  its  supports,  can 
generate  reactions  of  appreciable  magnitude.  The  maxi¬ 
mum  settlement  reaction  calculated  by  the  incremental 
method  for  the  CN  Tower  is  +1920  kips  at  footing  number 
4  and  represents  39.4%  of  the  basic  load  acting  at  that 
footing.  The  difference  between  the  maximum  and  minimum 
settlement  which  generated  these  reactions  never  ex¬ 
ceeded  0.9  cm. 
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(d)  Techniques  are  now  available  for  a  complete  frame 

analysis;  the  reactions  can  be  determined  for  any  set 
of  known  displacements  imposed  at  the  supports. 


CHAPTER  IV 


SOIL  STRUCTURE  INTERACTION  WITH  VARYING 
STRUCTURAL  RIGIDITY 


4 . 1  Introducti on 

The  purpose  of  this  chapter  is  to  introduce  the  con¬ 
cept  of  varying  structural  rigidity  into  a  simple  method 
for  the  analysis  of  soil  structure  interaction  which  will 
be  useful  in  design. 

The  method  outlined  deals  only  with  the  effect  of 
differential  settlements  of  isolated  footings  on  the  struc¬ 
tural  frame.  In  calculating  settlements  the  variation  in 
rigidity  of  the  structural  frame  both  in  plan  and  in  height 
is  taken  into  account.  Variation  of  soil  properties  over 
the  site,  a  major  cause  of  differential  displacements,  is 
allowed  for  in  the  method.  The  effect  of  load  dispersion 
from  one  footing  influencing  the  settlement  of  another  is 
included  by  superposition  techniques. 

4 . 2  Previous  Work 

One  of  the  earliest  attempts  to  depart  from  the  simplify¬ 
ing  assumptions  of  perfect  flexibility  or  rigidity  was  a 
study  of  the  rigidity  of  a  circular  foundation  resting  on 
an  elastic  medium  (Borowicka,  1936).  He  illustrated  that 
the  distribution  of  the  contact  soil  pressure  is  a  function 
of  Young's  modulus  and  Poisson's  ratio  of  both  the  circular 
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plate  and  the  underlying  foundation  soil. 

Subsequent  work  for  the  case  of  mu  1 ti - 1 oaded  ,  semi- 
flexible  rafts,  resting  on  a  Winkler  medium,  neglected  the 
redistribution  of  moments  and  loads  in  the  superstructure 
due  to  differential  settlements  (Hetenyi,  1946;  Vesic,  1961). 

Grasshoff  (1957)  examined  the  influence  of  super¬ 
structure  rigidity  on  the  contact  pressure  and  bending 
moments  of  a  combined  footing,  taking  into  account  the 
settlement  of  the  raft.  His  idealizations  were  perfect 
flexibility  and  perfect  rigidity  of  the  superstructure,  with 
supports  to  the  foundation  being  either  hinged  or  fixed-end 
rigid  columns.  Many  structures  do  not  possess  either  of 
these  two  degrees  of  rigidity  and  are  not  supported  by 
fixed -end  rigid  columns  to  the  foundation. 

For  intermediate  cases  of  s upe rs t rue t ure  ri gi di ty, Sommer 
(1965)  presented  a  method  based  on  elastic  behaviour  of  both 
the  structure  and  soil  for  analysis  of  foundation  beams  and 
slabs,  flexible  only  in  one  direction. 

More  recent  work  by  Lee  and  Harrison  (1970)  gives 
solutions  based  on  a  Winkler  model  for  combined  or  two- 
dimensional  raft  foundations.  The  final  stress  state  within 
the  foundation  and  structure  takes  into  account  the  combined 
effects  of  supers tructu re  and  foundation  flexibilities. 

Meyerhof  (1953)  and  Chamecki  (1956)  have  produced 
approximate  solutions  for  frame  structures  supported  on 
isolated  footings.  The  work  by  Meyerhof  is  based  on  slope 
deflection  techniques  and  follows  a  procedure  whereby  correc- 
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tion  moments  due  to  footing  settlements  are  distributed  to 
the  superstructure  by  the  Hardy  Cross  technique.  The  settle¬ 
ments  are  calculated  from  structural  self-weight  loads, 
neglecting  immediate  settlement. 

Chamecki  (1956)  considered  only  the  effect  of  load 
transfer  as  a  result  of  so i 1 -structure  interaction.  Utiliz¬ 
ing  the  fact  that  footing  pressures  and  the  resulting 
settlements  must  be  compatible,  he  used  an  iterative  proce¬ 
dure  to  arrive  at  final  footing  loads  and  final  settlements. 
Simplified  structural  components  were  used  in  the  analysis, 
load  transfer  being  limited  only  to  adjacent  columns. 

4 . 3  General  Observations 

The  work  of  other  authors  indicate  that  the  areas  of 
concern  varied  greatly.  Some  were  interested  in  specific 
solutions  for  superstructure  bending  moments  resulting 
from  a  particular  foundation  type.  Others  were  solely 
interested  in  settlements.  The  simplifying  assumptions  and 
models  used  to  arrive  at  specific  solutions  varied  as  well. 
Several  conditions  of  fixity  were  often  investigated  and 
often  a  variety  of  "equivalent"  beams  were  used  to  repre¬ 
sent  the  superstructure . 

One  concept  not  recognized  in  previous  work  is  that 
the  rigidity  of  any  building  frame  not  only  varies  due  to 
differing  assumptions  of  fixity  but  also  due  to  the  inherent 
variation  caused  by  the  addition  of  memoers  as  the  structure 
increases  in  height.  In  fact,  the  observation  can  be  made 
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that  any  s oi 1 -struc ture  interaction  solution  which  adopts 
a  specific  structural  model  to  represent  the  entire  build¬ 
ing,  and  thereafter  seeks  to  utilize  elastic  theory  or  a 
Winkler  model  to  calculate  soil  settlements,  must  be  in 
error.  Although  possibly  appropriate  when  consolidation 
dominates  the  settlement  response  to  loading,  such  a  solution 
must  assume  that  gravity  does  not  act  and  thus  immediate 
settlements  do  not  take  place  until  the  building  is  s  true  - 
turally  complete. 

It  has  been  shown  in  a  previous  chapter  that  the  settle¬ 
ment  behaviour  of  buildings  founded  on  over-consolidated 
soils  is  dominated  by  the  settlements  which  take  place  dur¬ 
ing  the  construction  period.  Available  solutions  to  repre¬ 
sent  soil  structure  interaction  during  this  period  appear 
inadequate. 

4 . 4  Scope  of  Soil  Structure  Interaction  Solution 

The  solution  presented  here  is  for  the  immediate 
settlement  of  a  multi-storey  frame  of  finite  rigidity  and 
founded  on  a  series  of  rectangular  spread  footings.  The 
rigidity  of  the  structural  frame  will  vary  with  height  and 
will  depend  partially  on  the  conditions  of  support  fixity 
chosen.  The  frame  may  be  non-uniform  in  plan  with  increasing 
storey  height  and  may  contain  a  rigid  core  wall.  Variations 
in  soil  properties  over  the  site,  which  lead  to  larger 
differential  displacements,  can  be  incorporated  into  the 
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Most  structural  design  procedures  would  follow  the 
format  of  initial  sizing  of  component  members  as  a  function 
of  building  self-weight  and  reduced  live-load  due  to  occu¬ 
pancy.  This  first  phase  would  be  followed  by  a  check  on  the 
tolerance  of  the  structure  to  wind  loading  and  differential 
settlement.  A  proportion  of  the  forces  and  moments  generated 
by  these  checks  would  be  added  to  those  calculated  in  the 
initial  design  stage,  thus  perhaps  necessitating  re-sizing 
of  some  components  of  the  structural  frame. 

The  soi 1 -structure  solution  given  here  would  require 
little  or  no  alteration  in  the  procedures  presently  employed 
by  structural  engineers  but  would  greatly  facilitate  execu¬ 
tion  of  the  check  for  structural  behaviour  due  to  settlements. 

4 . 5  The  Solution 

(a)  Foundation  Displacements 

Foundation  displacements  during  the  construction  period 
are  termed  immediate  and  can  be  calculated  using  elastic 
theory.  The  procedure  adopted  here  assumes  that  the  foundation 
is  a  homogeneous,  linearly  elastic  medium  of  semi -inf ini te 
extent.  For  a  uniformly  distributed  vertical  load  acting 
on  a  finite  area,  the  solution  for  the  settlement  of  a 
corner  of  the  area  as  given  by  Steinbrenner  (1934)  is 

A  =  q(j— 
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where 


A  =  vertical  displacement  of  the  corner 
y  =  Poisson  '  s  ratio 
E  =  modulus  of  elasticity  of  medium 
B  =  width  of  rectangular  footing 

IA  =  influence  value  dependent  on  ratio  of  footing 
length  to  width. 


To  allow  for  the  effect  of  load  dispersion,  super¬ 
position  can  be  used  for  a  group  of  adjacent  footings 
(Terzaghi,  1943).  Thus  for  N  footings  subjected  to  verti¬ 
cal  loads  Rj  the  settlement  of  a  particular  footing  at  its 
centroid  can  be  expressed  as: 


j  =  N  R. 

Ai  ■  K  .1  TC  Nji  4'2 

J  =  1  J  J 

where  K  =  (1  -  y2)/E 

Aj  =  area  of  footing  j 
*  * 

N  .  •  =  B  .  I  .  . 

J  i  J  J  i 

N . .  is  the  contribution  of  footing  j  to  the  settlement  at 

i.  Since  by  superposition  we  normally  deal  with  4  rectangles, 

the  term  N.. 

J  ■ 


*  * 

B  .  I  .  . 
J  Ji 
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J,  B^( j  >  ijk j i ) 
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For  simplification  we  put  the  preceding  equation  into 
matrix  form. 


R 1  R  p 

K[S7  N11  +  A^  N21 


R 


N 


+  ‘  '  +  NN1;| 


4.4 


an  ■ 


R  R  R 

K[Ay  N1N  +  N2N  +  •••  +  NNN^ 


KN 


11  


By  letting  -  ■  Mn  we  can  reduce  the  matrix  still 


further.  Thus, 


A1  R1M1 1  +  R2M21  +  *  * ‘  RNMN1 


4.5 


A2  =  Rl ^i 2  +  ^2^22  + 


RNMN2 


etc . 

Since  the  right  side  of  these  equations  is  the  product 
of  two  matrices  we  can  write: 


A1 

II 

M11  M21  M31  **•  MN1 

ri 

A2 

M12 

R2 

• 

• 

R3 

• 

an 

M1N  M2N  MNN 

• 

• 

rn 
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and  thus  [A]  =  [M]  [R]  4.7 

The  matrix  [M]  is  symmetrical  about  the  diagonal,  the 
non-diagonal  terms  generally  being  an  order  of  magnitude 
smaller.  This  dominance  of  the  diagonal  indicates  that  the 
greatest  proportion  of  settlement  at  a  particular  footing 
is  due  to  the  load  acting  at  that  footing. 

This  fact  makes  possible  the  approximation  for  vari¬ 
able  site  conditions.  Rather  than  using  a  single  E  and  y 
value  over  the  entire  site,  only  those  pertinent  to  a  parti¬ 
cular  footing  location  can  be  employed.  The  matrix  now 
becomes  non-symmetri cal .  To  avoid  gross  error  large  varia¬ 
tions  in  moduli  should  not  be  used.  An  upper  limit  of  two 
is  suggested  for  the  ratio  of  largest  to  smallest  E  values. 

For  cohesionless  soils  Standard  Penetration  Tests  may 
be  used  to  give  the  required  data  (Terzaghi  and  Peck,  1948). 
Such  a  procedure  has  been  used  to  predict  elastic  properties 
over  the  site  for  cases  where  load  intensities  did  not 
exceed  one-third  of  the  ultimate  (Farrent,  1963;  Webb,  1969). 
Values  of  elastic  modulus  E  derived  from  plate  tests  can  also 
be  used  (Burland  and  Lord,  1970). 

(b)  Structural  Displacements 

The  procedure  used  here  for  relating  structural  behaviour 
to  support  movements  is  similar  to  that  suggested  by  Chamecki 
(1956).  A  change  has  been  introduced  in  that  load  transfer 
throughout  the  entire  structure  is  possible  and  is  not  limited 


ne 

i o  *  itf 6  9o.,  kftfhazoq  29  * v  Joti  ztril 

' 

- 


103 


to  immediately  adjacent  members. 

Any  structural  frame  will  generate  positive  or  nega¬ 
tive  vertical  reactions  at  all  supports  where  any  single 
support  is  displaced  downward  by  a  unit  amount.  These  reac 
tions  are  called  reaction  coefficients.  The  subscripts  of 

the  reaction  coefficient  Q..  then  refers  to  reaction  at 

J 

footing  support  i  due  to  a  unit  displacement  at  footing  j. 

Thus  for  N  footings,  subjected  to  an  arbitrary  settle 
ment  pattern,  the  net  reaction  at  footing  i  after  displace¬ 
ments  take  place,  is 


4.8 


where  Q..  =  Reaction  Coefficient 

J  1 

R° i  =  vertical  load  due  to  self-weight  and  no 
differential  settlement  of  supports 


A =  settlement  of  footing  j 


Thus  we  get  for  N  footings 


R 2  R  2  +  ^2^12  +  ^2^22  +  ’**  ^N^N2 


4.9 
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This  can  also  be  expressed  in  the  form 


R1 

= 

On 

z: 

O' 

• 

• 

• 

CM 

O' 

ai 

+ 

R  °i 

R2 

• 

A2 

• 

• 

• 

rn 

qin 

. qnn 

an 

• 

r°n 

or 

[R]  =  [Q]  [A]  +  [ R ° ]  4.11 

This  equation  thus  states  that  the  vertical  reaction 
at  a  particular  footing  is  the  sum  of  self  weight  loads, 
assuming  no  structural  distortions,  and  the  load  transfer 
generated  by  distortion  of  the  frame  as  differential  settle¬ 
ments  take  place. 

Due  to  the  theorem  of  reciprocity  it  will  be  found 
that  the  [Q]  matrix  is  symmetrical  about  the  diagonal.  Since 
statics  must  be  satisfied  the  expansion  of  [Q]  [A]  and  addi¬ 
tion  of  all  resulting  terms  will  yield  the  quantity  zero. 

This  in  effect  states  that  the  net  force  acting  on  the  frame 
must  remain  unchanged  and  equal  to  its  self-weight.  Thus 
if  the  sum  of  the  terms  in  any  column  or  row  of  the  [Q] 
matrix  does  not  equal  zero,  an  error  has  been  made. 

It  can  also  be  shown  that  the  load  transfer  to  or  from 
a  footing  will  remain  unchanged  when  an  arbitrary  frame  dis- 
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tortion  is  altered  by  an  equal  amount  of  settlement  to  all 
footings  . 

(c)  Compatibility 

From  consideration  of  foundation  settlement  and  struc¬ 
tural  load  transfer,  equations  4.7  and  4.11  were  derived, 
both  in  matrix  form. 

Compatibility  dictates  that: 

(a)  the  foundation  settlements  must  equal  the  structural 
displacements  of  the  supports  and 

(b)  the  vertical  foundation  loadings  must  equal  the  verti¬ 
cal  reactions  at  frame  supports. 

We  can  thus  combine  the  equations  to  arrive  at  mathematical 
solutions  for  final  settlements  and  footing  loads. 

Substituting  equation  4.7  into  equation  4.11  yields 


[R]  =  [Q]  CM]  [R]  +  [R°] 


4.12 


Reducing  to  isolate  [R]  we  get 


{[]]  -  CQ]  CM]}  [R]  =  [R°] 


4.13 


and  thus 


[R]  =  [S]  [R°] 


4.14 


where 


[S]  =  {[]]  -  [Q]  [M]}'1 


4.15 


with  [R]  known  we  can  go  back  to  equation  4.7  to  solve  for 
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settl ements  . 


[A]  =  [M]  [R]  4.7 

Note  here  that  we  have  arrived  at  a  solution  for  a  structure 
of  specified  but  arbitrary  rigidity  undergoing  arbitrary 
settlement  of  its  supports  due  to  the  imposition  of  a  set 
of  self-weight  loads. 

Use  of  reaction  coefficients  for  the  entire  structure 
as  well  as  the  total  design  self-weight  loads  would  corres¬ 
pond  to  the  conventional  s oi 1 -s true tu re  procedures  outlined 
in  the  earlier  discussion. 

The  solution,  taking  into  account  varying  structural 
rigidity,  would  be  identical  but  only  for  a  single  increment 
of  storey  height.  The  settlements  would  be  those  generated 
by  the  addition  of  a  single  storey.  The  structure  under¬ 
going  the  distortion  would  be  the  frame  existing  at  the  time 
of  the  storey  addition. 

Repeated  use  of  the  solution  with  increasing  magnitudes 
of  reaction  coefficients  would  thus  reproduce  a  realistic 
variation  in  rigidity  as  construction  progresses  .  The  addi¬ 
tion  of  increments  of  storey  load  would  finally  yield  the 
correct  settlements  and  load  transfers  for  the  end  of  con¬ 
struction  condition. 

4 . 6  Variation  of  Structural  Rigidity  with  Height 


It  is  time  consuming  to  compute  new  reaction  coeffi- 
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cients  every  time  a  building  frame  increases  in  height  by 
an  additional  storey. 

For  any  particular  structure  or  portion  thereof,  that 
maintains  constant  geometry  in  plan  and  in  height,  the  reac¬ 
tion  coefficients  are  a  linear  function  of  storey  height. 

This  can  be  illustrated  by  visualizing  a  single  beam  of 
finite  stiffness  supported  at  both  ends  and  at  midspan. 
Depending  on  the  support  conditions  assumed,  a  forced  verti¬ 
cal  unit  displacement  of  only  the  midspan  support  requires 
particular  positive  or  negative  vertical  reactions  at  each 
of  the  three  supports.  The  addition  of  four  beams  identical 
with  the  first,  followed  by  the  same  deformation  condition 
will  generate  vertical  reactions  exactly  five  times  greater 
than  before  at  the  three  supports. 

In  most  structural  frames  this  linearization  is  nearly 
rigorously  true  as  spandrel  beams,  floor  slabs,  and  floor 
beams  are  usually  typical  with  height.  A  slight  deviation 
may  result  with  decreasing  column  sizes  at  higher  elevations. 

Skempton  and  MacDonald  (1956)  attempted  to  relate 
angular  distortions  and  maximum  settlements  to  maximum  storey 
height,  the  latter  parameter  assumed  to  be  indicative  of 
structural  rigidity.  No  pattern  was  found  to  exist  for  the 
data  available.  This  is  likely  attributable  to  the  over¬ 
simplified  assumptions  used.  Buildings  of  equal  storey 
height  can  possess  markedly  different  structural  stiffnesses. 
Furthermore  they  can  exhibit  markedly  different  settlement 
patterns  during  construction  and  afterwards  due  to  differences 


. 
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in  foundation  types. 

Reaction  coefficients  are  computed  separately  from 
the  soi 1 -s tructure  interaction  solution.  If  the  frame  is 
simple,  they  can  be  computed  by  hand.  For  larger  frames 
it  is  suggested  thatthe  ICES-STRUDL  II  program,  available 
from  IBM  for  use  on  an  IBM  360/67  computer,  be  used.  This 
method  is  very  simple  in  that  in-depth  knowledge  of  struc¬ 
tural  engineering  or  computer  programming  is  not  required 
for  derivation  of  the  coefficients. 

4 . 7  Computer  Solution 

The  direct  mathematical  solution  for  incremental  inter¬ 
action  given  in  equation  4.14  does  not  lend  itself  to  use 
within  a  computer  program.  For  buildings  with  say,  twenty 
footings  and  having  a  similar  number  of  storeys,  the  reac¬ 
tion  coefficient  matrices  become  unwieldly  and  the  required 
amount  of  computer  time  for  matrix  inversion  becomes  pro¬ 
hibitive  for  commercial  purposes. 

The  iterative  technique  adopted  in  the  computer  program 
converges  quite  rapidly  to  the  solution  and  decreases  the 
storage  that  would  otherwise  be  required.  A  brief  summary 
of  the  iterative  procedure  follows. 

(1)  As  a  first  approximation  the  incremental  design  loads 

R°.j  ,  when  going  from  storey  height  S^_-|  to  S^,  are  used 
to  compute  a  set  of  values.  Equation  4.7  yields 


the  resul ts . 
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(2)  Substitution  of  the  set  of  values  into  the  struc¬ 
tural  relation  yields  a  series  of  load  transfers.  The 
reaction  coefficients  Q .  .  are  those  for  a  structural 

J  * 

frame  storeys  high. 

(3)  As  indicated  by  equation  4.11  the  load  transfers  are 
added  to  the  R0..  values,  the  new  loads  being  used  to 
recompute  a  new  set  of  footing  settlements  A... 

(4)  Steps  2  and  3  are  repeated  until  the  values  repeat 
themselves  within  the  limits  specified  by  the  conver¬ 
gence  criteria.  The  rate  of  convergence  is  influenced 
by  the  relaxation  factor.  The  number  of  iterations 
required  to  satisfy  the  convergence  criteria  is  smallest 
when  the  relaxation  factor  equals  0.5.  The  final  A • 

and  R.  values  computed  are  the  solution  for  this  parti¬ 
cular  storey  increment. 

(5)  For  increasing  storey  heights,  steps  1  through  4  are 
repeated  and  the  final  settlements  and  total  loads 
then  are 


S  =  H 

A.  final  =£  A.  4.16 

1  S  =  1  1 


S  =  h 

R.  final  =  7  R.  4.17 

1  S  =  1  1 


where  H  equals  building's  maximum  storey  height. 
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4 . 8  Input  for  the  Computer  Program 

The  computer  program  requires  five  types  of  informa¬ 
tion  as  input. 

(1)  Statistics  for  Program  Control 

Here  the  total  number  of  footings,  storeys,  and  soil 
types,  are  specified.  The  number  of  iterations  and  conver¬ 
gence  criteria  are  listed  here  as  well. 

(2)  Footing  Loads 

The  total  design  loads  acting  on  a  particular  footing 
for  a  particular  storey  height  are  listed.  Omitted  values 
are  found  by  interpolation. 

(3)  Footing  Geometry 

Footing  dimensions  and  coordinates  of  the  centroid  of 
the  footing  are  specified. 

(4)  Reaction  Coefficients 

For  a  particular  storey  height  a  complete  square  matrix 
of  re  action  coefficients  will  be  required.  Omitted  matrices 
will  be  interpolated  on  the  basis  of  storey  height. 

(5)  Foundation  Properties  and  Locations 

The  dimensions  and  coordinates  of  the  centroid  of  rec¬ 
tangular  areas  are  specified  with  the  accompanying  moduli 
and  Poisson's  ratio. 


Rules  for  preparing  input  data  can  be  found  in  the 
detailed  description  accompanying  the  program  in  Appendix  F. 
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A  listing  of  all  input  data  is  given  in  the  program 
ou tpu  t . 

Output  of  results  is  given  for  each  footing  and  for 
both  the  conventional  and  new  incremental  procedures.  The 
loads  and  settlements  for  each  completed  storey  are  specified. 

4 . 9  Example  Solution 

An  example  solution  of  the  soil  structure  interaction 
problem  using  computer  techniques  was  carried  out  by  analyz¬ 
ing  a  semi-rigid  structural  frame  of  non-uniform  geometry 
with  height.  To  accentuate  soi 1 -structure  behaviour  five 
soil  zones  were  specified  such  that  differential  displace¬ 
ments  would  be  maximized. 

Convergence  criteria  specified  that  all  the  vertical 
reactions  during  the  iteration  process  must  repeat  themselves 
with  less  than  0.05  kip  variation  before  going  on  to  the 
next  storey. 

The  model  frame  and  location  of  soil  zones  is  shown 
in  Figure  4.1.  We  can  see  that  footings  1  and  5  are  located 
on  a  "soft"  and  "stiff"  soil  zone  respectively.  Hence  the 
relative  differential  displacement  between  these  two  points 
will  tend  to  be  the  maximum.  For  this  reason  considerable 
load  will  be  redistributed  from  footing  1  to  footing  5. 

The  tabulated  results  for  these  two  footings  are  shown 
in  Table  4.1.  For  the  case  of  no  soil  structure  interaction 
and  uniform  load  increases  up  to  the  5th  floor,  we  have  uni¬ 
form  settlement  increases  of  .095  inches  per  storey.  This 
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Fig. 4.1  Building  Frame  and  Foundation, 
Illustrative  Example 
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TABLE  4.1 

Footing  Loads  and  Settlements  of  Model  Frame 
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accumulates  to  .473  inches  at  the  5th  floor.  Although  the 
load  increments  remain  the  same  beyond  the  5th  floor,  the 
absence  of  load  dispersion  from  footings  13,  14  and  15 
results  in  a  uniform  reduction  in  settlements  to  0.089 
inches  per  storey  with  the  final  settlement  accumulating 
to  1.006  inches.  The  incremental  storey  load  accumulates 
to  2750  kips  with  the  completion  of  the  11th  storey.  The 
self-weight  footing  loading  undergoes  no  change  as  the  struc¬ 
ture  is  considered  to  be  perfectly  flexible. 

The  structural  stiffness  is  taken  into  account  in 
the  incremental  soil  structure  solution.  We  have  at  the 
completion  of  the  first  floor  a  slight  reduction  in  settle¬ 
ment  from  0.095  to  .092  inches  and  a  reduction  in  the  vertical 
footing  load  from  250  kips  to  235.4  kips.  This  reduction 
is  due  to  the  stiffness  of  a  single  storey  frame  causing 
load  to  be  transferred  from  footing  1  to  adjacent  footings. 

As  the  frame  increases  in  height  and  thereby  in  rigidity, 
the  decrease  in  settlement  per  storey  becomes  greater  as 
does  the  magnitude  of  load  transfer  per  storey.  The  5th 
floor  increment  causes  the  self  weight  loading  to  be  reduced 
from  250  kips  to  a  net  footing  load  increment  of  196  kips. 
Proceeding  to  the  11th  storey  the  reductions  in  load  carried 
by  footing  1  increase  until  finally  the  rigidity  of  the 
frame  causes  only  154.9  kips  to  be  transferred  at  that  floor 
to  the  footing.  The  accumulated  footing  load  equals  2097.6 
kips.  This  represents  a  24  per  cent  reduction  of  the  self 
weight  loading  due  to  the  load  transfer  caused  by  the 
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differential  displacements  of  the  structural  supports. 

The  calculation  for  the  conventional  procedure  is 
presented  as  well.  If  the  entire  11  storey  frame  could  be 
built  as  a  weightless  but  semi-rigid  structure,  the  "appli¬ 
cation"  of  gravity  would  cause  a  much  greater  amount  of  load 
redistribution.  The  footing  load  indicated  in  Table  4.1 
has  been  reduced  by  38  per  cent  from  its  initial  self-weight 
1 oad i ng  . 

The  data  shown  in  Table  4.1  for  footing  5  is  generally 
similar  to  that  described  for  footing  1.  The  footing  load 
i  ncrease,  i  ns  tead  of  reduction,  is  the  result  of  differential 
displacements  induced  by  the  tendency  toward  less  settlement 
at  the  periphery  of  loaded  areas  as  well  as  the  founding  of 
footing  5  over  the  "stiff"  soil  zone. 

At  footing  5  the  incremental  procedure  predicts  an 
increase  in  footing  load  of  17.5  per  cent  of  self-weight 
loading  to  1938.8  kips.  The  conventional  procedure  is  again 
more  conservative  when  it  predicts  the  final  footing  loading 
of  21 21 .4  kips . 

From  this  table  it  is  obvious  that  small  differential 
settlements  can  give  rise  to  appreciable  load  transfers  when 
the  frame  or  structure  undergoing  the  distortion  is  stiff 
or  semi-rigid.  The  summation  of  all  the  final  accumulated 
footing  loads  will  of  course  equal  the  total  weight  of  the 
entire  building  frame. 

Having  solved  for  the  support  settlements  of  the  semi¬ 
rigid  frame,  it  is  now  possible  to  compute  the  effects  of 
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differential  distortions  on  individual  members.  If  ICES- 
STRUDL  II  was  used  to  derive  the  reaction  coefficient  mat¬ 
rices,  component  members  of  the  frame  can  be  analyzed  simply 
by  introducing  the  support  settlements  into  the  already 
available  structural  model. 

The  incremental  solution  solves  the  soi 1 -s true ture 
interaction  problem  of  moderately  rigid  structures  which 
settle  during  construction.  It  is  a  considerable  improvement 
over  the  conventional  technique  and  can  be  readily  applied 
to  design  practice. 
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CHAPTER  V 


MEASUREMENT  AND  ANALYSIS  OF  HEAVE  AT  THE 
ALBERTA  GOVERNMENT  TELEPHONES  ( AGT)  TOWER  SITE 


5 . 1  Introduction 

One  of  the  questions  that  had  to  be  answered  in  the 
design  of  the  AGT-Oxford  Complex  was  related  to  the  magni¬ 
tude  of  foundation  displacements  which  could  be  expected 
as  a  result  of  excavation  at  the  site  and  subsequent  reload¬ 
ing  as  construction  progressed. 

From  preliminary  examination  of  the  settlement  records 
of  the  CN  Tower  located  one-half  mile  to  the  north  it  was 
anticipated  that  the  movements  would  be  dominated  by  the 
elastic  response  of  the  found at ion.  However,  due  to  some 
variation  of  site  stratigraphy  between  the  CN  Tower  and 
AGT  Tower  locations  and  the  absence  of  any  field  records 
on  other  buildings  in  the  area,  there  was  considerable 
hesitation  in  arriving  at  some  representative  field  modulus 
which  could  be  used  in  the  analysis.  Some  laboratory  moduli 
were  available  and  eventually  a  decision  was  made  such  that 
the  analysis  could  proceed. 

Several  factors  made  it  desirable  to  monitor  and  analyze 
the  rebound  during  excavation  as  well  as  the  settlement  of 
the  26  storey  Oxford  Building  and  the  34  storey  AGT  Tower. 
These  include,  the  unknown  reliability  of  the  laboratory 
derived  moduli  of  deformation,  the  proximity  of  existing  and 
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to  be  constructed  buildings,  the  presence  of  nearby  under¬ 
lying  coal  workings  and  the  relatively  new  practice  of 
multi-storey  construction  on  the  foundation  soil  found  in 
the  City  of  Edmonton. 

The  rebound  aspect  of  the  study  is  presented  in  this 
chapter.  The  observed  heaves,  their  analysis  and  their 
implications  to  design  practice  are  outlined.  The  instru¬ 
mentation  used  and  the  method  of  data  acquisition  are  fully 
described.  A  discussion  of  the  foundation  strati graphy  of 
the  AGT-Oxford  Complex  site  and  a  description  of  laboratory 
derived  geotechnical  data  is  included. 

5 . 2  Site  Description 

The  geographical  location  of  the  central  area  of 
Edmonton  within  which  the  AGT  Tower  excavation  is  located 
was  shown  in  an  earlier  chapter  in  Figure  2.1.  Detail  map 
B  shown  in  Figure  5.1  indicates  the  location  of  the  AGT- 
Oxford  site,  an  outline  of  the  excavation,  the  location  of 
adjacent  buildings  and  the  location  of  the  reference  bench¬ 
mark.  At  the  time  excavation  commenced  at  the  AGT  site, 
the  superstructure  of  the  adjacent  Oxford  Building  was 
nearly  complete. 

The  maximum  depth  of  excavation  in  the  AGT  Tower  core 
footing  area  is  46  feet  from  the  original  ground  surface. 

The  southern  portion  of  the  underground  parking  area  is  the 
shallowest  excavation  with  a  depth  of  37  feet. 

The  overall  dimensions  of  the  base  of  the  final  excava- 
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Fig.  5.1  Detail  Map  B,  Location  of  AGT- Oxford  Complex 


120 


tion  are  approximately  330  by  330  feet  with  construction 
side  slopes  of  1  1/2  vertical  to  1  horizontal.  Although 
at  some  locations  the  side  slopes  were  cut  even  steeper  all 
stood  without  collapse  over  a  one  year  period. 

5 . 3  Site  Geology  and  Stratigraphy 

The  geology  of  the  central  business  area  in  Edmonton 
was  described  in  some  detail  in  an  earlier  chapter.  The 
stratigraphic  profile  at  the  excavation  site  remains  un¬ 
changed  in  sequence  but  varies  considerably  in  depth  to  in¬ 
dividual  strata. 

With  the  exception  of  a  small  number  of  dry  auger  test 
holes,  an  extensive  program  of  wet-drilling  by  means  of  a 
Failing  1500  drill  was  carried  out  by  the  foundation  con¬ 
sultants.  Pitcher  tube  sampling  was  carried  out  wherever 
possible.  Several  bedrock  and  till  samples  were  obtained 
for  laboratory  testing.  The  locations  of  drill  holes  and 
stratigraphic  sections  are  shown  in  Figure  5.2.  Several 
representative  borehole  logs  pertinent  to  the  site  are  given 
in  Appendix  B. 

It  should  be  pointed  out  that  the  large  number  of  bore¬ 
holes  drilled  were  put  down  in  an  effort  to  locate  an 
abandoned  coal  mine  thought  to  exist  beneath  the  building 
site.  Cavities  at  depths  consistent  with  the  coal  seams  were 
found  but  were  proved  to  terminate  well  away  from  the  tower 
location . 

Borehole  resistivity  surveys  made  it  possible  to  deter- 


'  .Of.  i  f  3 1 

■  \  '  'I 

■  ri  q  6  'H:  ;  J  ->"■  •- 

, :  1-  .  ;  •,  ; 

.  noMtoof 


121 


54 

8 

Scale 


0  50  100 

feet 

Fig.  5.2  Location  of  Boreholes  and  Stratigraphic 
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mine  precisely  the  elevations  of  specific  coal  seams  and 
proved  to  be  much  more  reliable  than  the  determination  of 
elevations  from  wash  borings. 

The  stratigraphy  at  the  site  could  be  determined  with 
accuracy.  The  profile  consists  of  strata  of  surface  fill, 
lacustrine  deposit,  clay  till,  Saskatchewan  Sands  and  Gravels 
and  bedrock,  the  latter  locally  known  as  the  Edmonton  Forma¬ 
tion.  Cross-section  E-E  through  the  site,  shown  in  Figure 
5.3,  gives  the  stratigraphic  sequence. 

The  till  deposit  at  the  site  has  an  average  top  surface 
elevation  of  2213  feet  (City  of  Edmonton)  and  an  average 
thickness  of  32  feet.  The  till  matrix  consists  of  a  stiff, 
silty  or  sandy  clay,  which  contains  pockets  and  lenses  of 
silt  and  sand,  pebbles,  stones,  coal  specks  and  streaks  of 
iron  rust.  During  excavation  some  discontinuous  sand  lenses 
2  to  3  feet  thick  were  observed  in  the  till  sheet.  The 
colour  of  the  till  is  usually  dark  grey-brown,  with  light 
brown  pockets  of  sand  and  silt.  The  till  is  extensively 
fissured  throughout  the  stratum,  with  a  thin  layer  of  iron 
rust  and  other  minerals  deposited  within  the  fissures.  The 
density  of  till  is  high,  as  evidenced  by  Standard  Penetration 
blow  counts  at  the  AGT  site  varying  between  23  to  +100  blows 
per  foot,  and  averaging  80  blows  per  foot.  The  lower  blow 
counts  occur  in  the  upper  portion  of  the  till  sheet,  the 
higher  values  generally  occurring  at  lower  elevations  and 
at  the  location  of  the  AGT  Tower  footings.  The  natural  water 
content  varies  between  7  per  cent  and  23  per  cent  and  the 
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average  is  usually  about  13  per  cent.  This  illustrates  the 
heterogeneity  of  the  deposit. 

The  Saskatchewan  Sands  and  Gravels  is  a  dense 
granular  deposit  with  a  surface  elevation  of  about  2181 
feet  (City  of  Edmonton)  and  an  average  thickness  of  approxi¬ 
mately  15  feet  at  the  AGT  site.  The  stratum  is  mainly  dense, 
medium  to  fine  grained  sand,  with  gravels  and  rocks  found 
only  near  the  contact  with  underlying  bedrock.  Standard 
Penetration  blow  counts  in  the  material  range  from  80  blows 
per  foot  to  values  in  excess  of  100  blows  per  foot.  The 
natural  moisture  content  ranges  from  4  per  cent  to  16  per 
cent,  with  an  average  of  about  5  per  cent.  As  is  typical  of 
dense  sand  deposits,  the  stratum  at  the  site  is  a  very  com¬ 
petent  bearing  material. 

The  bedrock  formation  consists  of  interbedded  bentoni¬ 
tic  mudstones  and  silty  sandstones  with  some  seams  of  lignite 
coal.  The  upper  10  feet  of  the  formation  is  weathered. 
Drilling  at  the  site  indicated  that  shattered  zones  exist 
deeper  within  the  bedrock  mass,  probably  the  result  of  ice 
movements  during  the  Pleistocene.  Standard  Penetration  blow 
counts  which  range  from  a  low  of  16  per  foot  in  a  coal  seam 
to  75  to  100  per  foot  elsewhere,  as  well  as  relatigely  high 
sample  recovery  ratios,  indicate  that  competent  bedrock  exists 
at  the  site. 

During  the  extensive  drilling  program  no  permanent 
water  table  was  observed.  Some  free  water  was  encountered 
within  sand  and  silt  lenses  in  the  till  at  the  AGT-Oxford 
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site,  but  in  quantity  often  proved  to  be  small.  The  water 
used  in  the  installation  of  instrumentation  drained  into 
the  formation  over  a  period  of  a  single  day,  likely  through 
the  fissures  in  the  till.  During  the  excavation  at  the  site, 
no  free  water  was  encountered  in  the  excavation  or  in  the 
Saskatchewan  Sands  and  Gravel  deposit.  As  is  often  the 
case  in  Western  Canada,  the  free  water  table  is  difficult  to 
determine  and  at  the  site  is  thought  to  exist  somewhere  in 
the  bedrock  formation.  The  presence  of  dry  cavities  within 
the  coal  seams  suggests  that  it  might  be  found  at  depths  at 
least  120  feet  below  ground  surface. 

5 . 4  Geotechnical  Properties  from  Laboratory  Tests 

From  the  point  of  view  of  computation  of  heave  and 
settlement,  the  only  property  of  interest  for  the  upper 
lacustrine  silty  clay  stratum  is  its  in-situ  bulk  unit  weight. 
This  value  used  in  computing  the  AGT  excavation  unloading 
pressure,  varied  between  126  pcf  and  111  pcf,  with  an  average 
of  119  pcf.  The  natural  moisture  contents  of  this  deposit 
range  from  39%  to  16%,  averaging  between  25  to  30%. 

The  underlying  till  deposit  is  very  dense  with  an  in- 
situ  bulk  density  varying  between  135  pcf  and  124  pcf  and 
averaging  131  pcf.  The  heterogeneity  of  the  deposit  is 
reflected  in  the  grading  analyses  run  on  samples  taken  at 
different  elevations.  The  per  cent  of  sand  sizes  (M.I.T. 
Scale)  varied  between  34%  and  73%,  silt  sizes  between  15% 
and  45%  and  clay  sizes  between  12%  and  21%.  Although  some- 
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what  speculative,  the  till  at  the  AGT  site  is  considered 
to  be  somewhat  sandier  than  tills  found  elsewhere  in  the 
Edmonton  area.  Atterberg  limit  tests  of  the  till  matrix 
indicated  a  high  and  low  liquid  limit  of  38.6%  and  22.4% 
respectively  and  a  high  and  low  plastic  limit  of  20.5%  and 
15.1%.  The  average  plasticity  index  is  10.4%. 

Six  consolidation  tests  were  run  on  till  samples  taken 
at  elevation  2188  feet  (City  of  Edmonton).  This  elevation 
is  approximately  the  elevation  of  the  rebound  points  and 
the  AGT  footings.  The  computed  void  ratio  at  a  2  ksf  oedo- 
meter  loading  varied  between  0.454  and  0.356.  By  averaging 
the  oedometer  deflections  subsequent  to  this  load  and  using 
the  corresponding  average  void  ratio  of  0.394,  the  composite 
plot  shown  in  Fig.  5.4  was  prepared.  All  data  used  is 
corrected  for  compression  of  the  testing  apparatus.  Numeri¬ 
cal  results  are  given  in  Table  5.1  for  the  composite  con¬ 
solidation  curve  of  the  six  specimens. 

The  results  of  4  unconfined  compression  tests  run  on 
till  and  pitcher  tube  samples  of  bedrock  are  shown  in 
Table  5.2. 

A  summary  of  consolidation  test  results  for  bedrock 
samples  is  given  in  Table  5.3.  The  intermediate  rebound 
and  reloading  cycle  approximately  reproduces  the  vertical 
stress  variation  experienced  at  the  sample  depths  shown  due 
to  excavation  and  reloading.  The  moduli  of  deformation  over 
this  intermediate  reloading  range  would  be  approximately 
twice  the  values  shown  at  the  bottom  of  the  Table  for  initial 
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Fig.  5.4  Composite  Plot  of  Consolidation  Results 

For  Samples  From  AGT  Tower  Site 


TABLE  5.1 


SUMMARY  OF  CONSOLIDATION  TEST  DATA  ON  TILL 


Initial  Void  Ratio 

.382 

Void  Ratio  at  end  rebound 

at  0 

.5  ksf 

.403 

Original  overburden  pressure 

5.40 

ks  f 

Compressive  Index,  C 

c 

0.5  ksf  to  2.0  ksf 

.013 

2.0  ksf  to  5.4  ksf 

.030 

5.4  ksf  to  13.0  ksf 

.044 

Rebound  Index,  C^ 

5.4  ksf  to  0.5  ksf 

.028 

Modulus  of  Volume  Comp.,  m 

'v 

Rebound  5.4  ksf  to  2.0 

ksf 

.0027 

ft2/k 

5.4  ksf  to  0.5 

ksf 

.0043 

ft2/k 

Modulus  of  Volume  Comp.,  m 

V 

Compression  0.5  ksf  to 

5.4 

ksf 

.0031 

f  t2/k 

2.0  ksf  to 

5.4 

ksf 

.0026 

f  t2/  k 

5.4  ksf  to 

13.0 

ksf 

.0016 

f  t2/k 

Modulus  of  Deformation,  E, 

y  = 

0.4 

Rebound  5.4  ksf  to  2.0 

ks  f 

1200 

ps  i 

5.4  ksf  to  0.5 

ksf 

752 

ps  i 

Modulus  of  Deformation,  E, 

y  = 

0.4 

Compression  0.5  ksf  to 

5.4 

ks  f 

1044 

psi 

2.0  ksf  to 

5.4 

ks  f 

1245 

ps  i 

5.4  ksf  to 

13.0 

ks  f 

2022 

ps  i 

•  >. 
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UNCONFINED  COMPRESSION  TEST  RESULTS 


129 


x 

03 

t/>  E 

3 

—  co 

=3  D 


-a  i 

O 

o 

o 

o 

O  «—  -r- 

O 

o 

o 

o 

s:  o  to 

LO 

1 — 

LO 

o 

— '  a. 

0\ 

0% 

«S 

#% 

Secant 
@  1/4 

( 

LO 

O i 

CO 

00 

c 

o 

•r— 

4-> 

03 

LD 

CO 

LO 

^3" 

S-  ci-S 

3  " — 

+-> 

05 

OO 

CO 

LO 

CO 

O) 

4-> 

S-  c 

O)  CL)  ^ 

O 

LO 

C". 

4->  4-> 

• 

• 

• 

• 

03  c — - 

CO 

rv. 

LO 

3  O 

1 — 

r— 

i — 

o 

at 

e 

s- 

c:  3^- 

CM 

o 

to 

i — 

•r—  i — 

• 

• 

• 

• 

05  *r—  •« — - 

CO 

to 

LO 

S-  03 
+->  Ll. 

OO 

aj 

> 

•r-  _C 

(/)  4-) 
to  ov — » 

QJ  C  -r- 

co 

CM 

CM 

S-  <D  tO 

CO 

o 

O 

O 

a  s-  a 

E  4J  — 

O  00 
(_> 

CM 

CM 

*=3- 

C 

o 

•r—  » — - 

4->  4-> 

to 

CM 

O 

00 

03  <U 

o 

cn 

CO 

>  O) 

CM 

r— 

i — 

1 — 

CD  <4— 

CM 

CM 

CM 

CM 

LlJ 

a) 

1— 

c 

OO 

o 

OO 

4-> 

-X  (/) 

4-> 

CD 

O  T3 

O  <4- 

r— 

O  3 

O  O 

CL 

1 — 

i — 

s-  z 

S-  OO 

E 

1 — 

r— 

"O  — ' 

*o - 

03 

•r— 

•r — 

a; 

cu 

OO 

1— 

1 — 

CO 

CO 

Note :  Secant  modulus  taken  from  zero  deviator  stress  to  1/4  (a 


M0£«  :  26C?  (  aoqi  j  2  irev-u  4 tom  s  0 t.A  i  ■.  col  2£*,s22  ro  j\  :  (a 


X 

O’ 

3  (V 
c 

CO  ~i 

0 

'  »  c r 

0 

0 

0 

(14 

<v  d  2: 

JD  v — 

<0 

■fc*  3 
/  Cn 
— !  U 

<£>  fu 

3 

d 


ro  00  m  co 


Zi 

o 
— 1' 
<-*■ 
— -  w 

- —  xz 
<•+ 
w 
tv 


<-+ 


3  -J 

^-1 

“n 

0 

— -  u>  d 

• 

0 

■<  C+. 

< 

—  ^2 

0  rc 

o 


M- 


ID  CT. 


QJ 

O 

LO 

-  -  xz  r_2 

<• 

S*  — ~!  "1 

ru 

ro 

' — •  —  w 

i 

o» 

vo 

o 


'  u> 
< 

25-  -»• 
m-  r*j 
tv 


I/O 

CO 

0 

0 

00 

<v 

1-0 

VO 

-i 

-C. 

<v  3 

(TV  O 
<_> 


zi 

o 

'—t » 

C+  M- 
U>  Ol 
CD  < 

-v  u- 


U4 


' 


CD 

(V  a 

(V  O 


C r  O 

O  O 

c  0 

-  >  CT 

'---  cr 

0 

CD 

cu 

U> 


3 


ni/ICOVtk  IMED  C0V-  :  ,  -  21014  lh21  E20 fi; 


SUMMARY  OF  CONSOLIDATION  TEST  DATA  ON  BEDROCK  SAMPLES 
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loading. 

One  interesting  feature  of  the  tests  run  on  these  bed¬ 
rock  specimens  is  that  the  immediate  oedometer  deflection 
upon  application  of  the  new  load  increment  varied  approxi¬ 
mately  betwen  20  and  40  per  cent  of  the  total.  In  the  case 
of  specimen  13-C,  primary  consolidation  was  complete  in  1 
minute  with  secondary  consolidation  or  creep  taking  place 
thereafter.  Although  influenced  by  the  degree  of  sample 
disturbance  and  fit  of  the  specimen  in  the  oedometer  ring, 
as  well  as  creep  of  the  testing  apparatus  with  time,  this 
rapid  response  reflects  the  corresponding  behaviour  in  the 
field. 

Three  small  1.5  inch  diameter  specimens  were  cut  from 
a  block  sample  of  preglacial  alluvial  Saskatchewan  Sands 
obtained  at  elevation  2182  feet  (City  of  Edmonton).  The 
samples  were  backpres su red  and  consolidated  ani s otropi ca 1 ly 
to  an  effective  axial  pressure  of  20.25  psi  ,  with  respective 
lateral  pressures  corresponding  to  Kq  values  of  0.6,  0.5  and 
0.37.  After  the  application  of  a  further  deviator  stress, 
the  specimens  were  allowed  to  creep  with  time.  The  first 
recorded  strain  at  one  minute  can  be  used  to  estimate  a  modu¬ 
lus  of  deformation.  The  derived  moduli  of  the  same  order 
noted  above  are  9500  psi,  14,000  psi  and  7,700  psi  respectively. 
Long  term  creep  beyond  the  one  minute  strain  was  small,  the 
maximum  recorded  was  0.07 l  for  a  5  day  period  and  for  the 
sample  subjected  to  the  greatest  increment  in  deviator  stress. 

At  the  completion  of  the  creep  tests  the  effective 
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lateral  stresses  were  29.0  psi,  27.0  psi  and  24.0  psi 

respectively.  Maintaining  these  lateral  pressures,  the 

deviator  stresses  were  increased  to  failure,  the  resulting 

angle  of  internal  friction  averaging  41.5°.  The  tangent 

moduli  for  the  three  tests  at  1/2  (a.-aJ  are  respectively 

I  j  max 

1  5,000  psi,  26,600  psi  and.  31  , 000  psi. 

The  results  of  a  consolidated  undrained  compression 
test  run  on  a  2.8  inch  diameter  Saskatchewan  Sands  specimen 
cut  out  of  a  block  sample  are  shown  in  Fig.  5.5.  The  iso¬ 
tropic  stress  path  of  consolidation  and  the  paths  of  various 
loading  cycles  are  indicated.  The  sample  was  not  back 
pressured  and  no  pore  pressures  were  recorded  at  the  attached 
pore  pressure  transducer.  The  observed  angle  of  internal 
friction  was  40.4°. 

Three  compressive  strength  tests  were  run  on  1.5  inch 
diameter  specimens  cut  from  bedrock  core  samples  taken  at 
elevation  2164  feet  (City  of  Edmonton).  The  specimens  of 
interbedded  mudstone  and  soft  sandstone  were  consolidated 
at  lateral  pressures  of  21.0  psi,  29.0  psi  and  22.0  psi  and 
taken  to  failure  under  fully  drained  conditions.  The  maximum 
observed  tangent  modulus  at  1/2  (a-!-ai)mav  was  approximately 
5000  psi  with  peak  strengths  occurring  at  strains  of  about 
2.2%.  The  average  effective  angle  of  internal  friction 
observed  was  41.5°  with  no  cohesion. 

Two  consolidated  undrained  tests  with  pore  pressure 
measurements  were  performed  on  specimens  cut  from  pitcher 
tube  samples  of  silty  soft  sandstone  taken  at  elevation  2169 
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Fig.  5.5  Cyclic  Compression  Tests  on  Sand,  AGT  Tower 
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feet  and  2167  feet  (City  of  Edmonton.  Specimens  were  aniso- 
tropically  consolidated  under  a  back  pressure  of  20  psi  with 
Kq  assumed  at  0.6.  The  applied  axial  pressures  were  65.7 
psi  and  57.8  psi,  the  latter  value  corresponding  to  the 
estimated  in-situ  overburden  pressure  at  elevation  2167 
feet.  The  plotted  effective  stress  paths  are  characteri s ti c 
of  over-consolidated  soil.  The  tangent  moduli  at  1/3 

( a  -j  “a3 )  max  ^or  the  two  samP^es  are  14,800  psi  and  10,450 
psi.  The  effective  angle  of  internal  friction  was  37°  for 
both  samples,  the  first  specimen  showing  a  cohesion  inter¬ 
cept  of  13  psi. 

5 . 5  Instrumentation:  Installation  and  Data  Acquisition 

To  record  heave  within  the  confines  of  the  excavation 
area  ten  rebound  points  (floating  benchmarks)  were  installed 
in  boreholes  at  an  elevation  below  the  bottom  of  the  excava¬ 
tion  and  at  locations  where  they  would  remain  accessible  as 
construction  progressed.  Four  settlement  pins  were  installed 
on  the  Alberta  College  buildings  located  immediately  adjacent 
to  the  excavation. 

These  points  allowed  direct  measurement  of  heave.  The 
settlement  pins  installed  on  the  south  column  line  of  the 
Oxford  Building  were  used  to  record  approximate  or  indirect 
heaves . 

The  rebound  points  consisted  of  a  12  inch  high  vane 
possessing  4  flanges  made  from  1/4  inch  steel  plate  and 
sharpened  at  their  base.  Attached  to  the  flanges  at  the 
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top  was  a  3/8  inch  circular  plate,  3  inches  in  diameter, 
which  served  as  a  horizontal  reference  elevation.  Fig.  5.6 
shows  a  typical  vane  and  the  driving  tool  used  in  the 
instal 1 ati on. 

After  the  boreholes  were  wet  drilled  with  a  Failing 
1500  rig  to  the  desired  elevation,  the  vane  was  lowered  to 
the  bottom  and  pressed  into  the  ground  by  hydrau 1 i cal ly  load¬ 
ing  the  vane  with  the  weight  of  the  truck  and  drill  rig. 

This  usually  resulted  in  2  or  3  inches  of  penetration.  Using 
the  Standard  Penetration  Hammer  the  vane  could  usually  be 
driven  an  additional  5  to  6  inches  into  the  dense  bedrock 
or  till.  Rotation  of  the  driving  tool  allowed  it  to  be 
disengaged  from  the  vane. 

Each  borehole  was  then  backfilled  with  a  bentonite 
slurry  (drilling  mud),  the  consistency  of  the  mixture  depen¬ 
dent  on  the  capability  of  the  mud  pump  to  handle  the  fluid 
mass.  Subsequent  examination  of  the  boreholes  from  the 
ground  surface  revealed  that  excess  water  had  escaped  into 
the  till  formation,  with  the  remaining  bentonite  adhering 
to  the  borehole  walls.  Additional  slurry  was  then  mixed  by 
hand  to  a  much  thicker  consistency  and  poured  down  the  still 
open  borehol es  . 

As  the  colour  of  the  slurry  was  not  unlike  the  dominant 
colour  of  the  till  sheet,  it  became  desirable  to  use  a  dye 
with  the  bentonite  to  facilitate  relocation  of  boreholes  at 
a  later  date.  Initial  attempts  showed  that  methyl-blue  dye 
was  unsuitable.  An  intense  red  dye  (Erythrosine  Dye  -  colour 
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FIG.  5.6 


TYPICAL  REBOUND  VANE  WITH 


ATTACHED  DRIVING  TOOL 
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index  773)  was  added  to  the  bentonite  during  hand  mixing 
and  proved  to  be  very  satisfactory.  It  coloured  the  slurry 
a  bright  pink  and  stained  any  soil  with  which  it  came  into 
contact . 

When  some  of  the  small  buildings  originally  on  the 
site  were  removed,  the  precise  locations  of  all  but  two  bore¬ 
holes  were  determined  by  t r i a ngu 1  a t i o n .  These  two  boreholes 
were  referenced  to  sidewalks  and  other  objects  just  outside 
the  excavation.  The  location  of  all  10  rebound  points  are 
shown  in  Fig.  5.7. 

From  this  diagram  it  is  evident  that  rebound  points 
3  and  5  are  located  directly  beneath  the  exterior  footings 
of  the  AGT  Tower.  Rebound  points  4  and  7  were  positioned 
a  horizontal  distance  only  5  feet  apart  approximately  on  the 
north-south  centre  line  of  the  AGT  Tower.  Rebound  point  4 
was  located  just  below  the  elevation  of  the  central  core 
footings  while  point  number  7  was  located  22.5  feet  deeper. 
The  purpose  of  this  was  to  record  the  vertical  expansion  of 
the  22.5  foot  zone  as  well  as  its  subsequent  recompression 
as  construction  progressed. 

All  other  points  were  located  within  the  confines  of 
the  lower  parking  garage  outside  of  the  AGT  Tower  area. 
Rebound  point  number  8  was  purposely  placed  near  a  corner 
of  the  excavation.  Rebound  point  7  was  located  in  the  upper 
bedrock  surface,  point  4  in  the  upper  few  feet  of  the 
Saskatchewan  Sands  and  Gravels,  and  all  other  points  at 
various  levels  in  the  till  stratum  near  its  base. 
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Prior  to  any  excavation  the  elevations  of  all  the  vane 
plates  were  determined  as  accurately  as  possible  and  refer¬ 
enced  to  the  60  foot  deep  benchmark  (DBM  #1)  located  as  shown 
earlier  in  Fig.  5.1.  This  surveying  was  done  by  a  somewhat 
unusual  procedure  which  at  times  was  difficult  to  perform. 

The  record  of  benchmark  control  is  given  in  Appendix  D.  Ele¬ 
vations  were  taken  by  using  a  high  precision  level  (Wild  N-3) 
and  reading  directly  onto  a  steel  tape  subjected  to  a  stan¬ 
dard  10  pounds  of  tension  and  suspended  within  a  3/4  inch 
diameter  pipe.  Fig.  5.8  shows  a  typical  assembly  of  the 
apparatus . 

The  tape  was  connected  to  a  machined  conical  probe 
which  fitted  the  pipe.  Individual  lengths  of  pipe  were 
threaded  over  the  tape  as  the  pipe  was  lowered  through  the 
bentonite  slurry.  Fig.  5.9  shows  the  operation  of  pipe 
coupling  and  the  slotted  steel  plate  holding  the  pipe  in 
place  to  prevent  it  from  falling  down  the  hole  through  the 
slurry  under  its  own  weight.  A  distinct  metallic  ring  was 
carried  upward  through  the  3/4  inch  piping  to  the  ground  sur¬ 
face  when  contact  was  made  with  the  reference  plate  of  the 
rebound  point  vane.  Fig.  5.10  shows  a  typical  rebound  plate 
at  the  bottom  of  a  borehole  at  the  completion  of  a  40  foot 
excavation.  Any  twist  in  the  tape  would  be  removed,  and 
the  tape  would  then  be  tensioned. 

A  reading  on  the  "rod"  thus  created  would  be  taken  to 
the  nearest  .001  foot.  The  pipe  assembly  would  then  be 
listed,  rotated  and  reprobed  until  three  readings  were  obtained. 
These  would  usually  repeat  themselves  with  variations  rarely 
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SURVEY  APPARATUS 
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FIG.  5.9 


INSERTION  PROCEDURE 


FIG.  5.10 


EXPOSED  REBOUND  PLATE 
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exceeding  +  .001  foot.  The  overall  accuracy  of  the  traverse 
was  considered  to  be  about  0.005  feet  with  the  error  of 
closure  rarely  exceeding  0.010  feet.  The  reprobing  opera¬ 
tion  at  rebound  point  3  is  shown  in  Fig.  5.11.  Here  about 
40  feet  of  pipe  was  lifted  and  reprobed.  Immediately  behind 
the  technician  is  the  partially  constructed  underground 
parking  garage  located  in  the  N.E.  excavation  quadrant. 

The  maximum  depth  of  hole  probed  was  about  75  feet, 
this  being  approximately  the  limiting  depth  that  the  pipe 
could  be  pushed  by  hand  through  the  slurry.  Removal  of  the 
assembly  from  this  depth  was  difficult,  as  the  pipe  had  to 
be  held  in  place  and  cleaned  as  individual  pieces  were  dis¬ 
connected  . 

As  the  coefficient  of  expansion  for  the  steel  tape 
was  known,  the  level  readings  were  corrected  for  temperature 
effects.  This  correction  was  generally  very  small  but  could 
be  significant  where  the  holes  were  deep  or  the  temperature 
differentials  were  severe.  Ground  temperatures  were  of  the 
order  of  40°F,  the  standard  tape  temperature  being  68°F.  For 
a  75  foot  length  of  tape  suspended  in  a  borehole  the  level 
correction  would  be  about  .015  foot. 

These  corrections  had  to  be  made  as  at  completion  of 
excavation,  a  45  foot  distance  could  now  be  surveyed  in  air 
temperatures,  these  varying  between  about  80°F  in  summer  to 
-10°F  in  wi nter . 

Some  rebound  points  could  not  be  read  in  winter  as 
the  bentonite  slurry  and  ground  was  frozen  to  about  a  5  foot 
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FIG.  5.11 


REPROBING  PROCEDURE  AT 


GROUND  SURFACE 
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depth.  From  the  method  of  excavation  and  subsequent  con¬ 
struction  followed  by  the  contractor,  no  vanes  were  subjected 
to  frost  action,  as  partially  constructed  areas  were  en¬ 
closed  and  heated. 

Excavation  at  the  site  was  carried  out  in  4  stages  and 
the  quadrant  areas  involved  are  as  shown  in  Fig.  5.7. 

Elevation  changes  during  the  excavation  period  were  recorded 
by  relocating  the  boreholes  and  reprobing  to  the  rebound  points 
Rebound  points  1  and  9  were  lost  as  tne  boreholes  could 
not  be  found.  Efforts  to  find  these  at  the  completion  of 
excavation  by  electronic  metal  detectors  were  unsuccessful. 

The  process  of  relocation  and  measurement  of  elevations  of 
the  8  remaining  rebound  points  took  two  days  and  was  usually 
done  on  weekends  when  excavation  equipment  was  idle.  The 
dimensions  and  depths  of  excavation  zones  corresponding  to 
each  heave  set  were  recorded. 

At  completion,  all  rebound  points  except  numbers  7 
and  8  were  located  a  few  feet  below  the  bottom  of  the  excava¬ 
tion  and  thus  probing  was  now  a  much  simpler  task.  Rebound 
point  8  was  excavated  due  to  a  1  foot  elevation  error  made 
during  its  installation.  Access  to  all  remaining  points 
was  maintained  by  sleeving  through  concrete  footings  and 
ground  slabs  such  that  data  acquisition  could  continue  as 
construction  progressed. 

In  the  case  of  rebound  points  3,  4  and  5  complete  over¬ 
laps  between  heave  and  subsequent  foundation  settlements  was 
possible,  thus  providing  a  continuous  record  of  ground  move- 
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ments  at  the  site. 

To  reduce  survey  error,  a  vertical  pipe  was  installed 
along  a  wall  such  that  surveying  from  the  benchmark  at 
ground  surface  to  the  underground  parking  area  could  be 
accomplished  by  means  of  a  single  turning  point. 

A  second  100  foot  deep  benchmark  (DBM  #2)  located  in 
the  parking  garage  basement  was  included  in  the  rebound 
point  survey  traverse  to  check  migration  of  elevation  of 
this  new  benchmark.  Benchmark  #1  has  been  referenced  to  a 
point  (BM  #3)  on  a  relatively  large  building  located  a  short 
distance  away.  This  building  is  more  than  50  years  old  and 
thus  the  reference  point  is  considered  to  be  reliable. 

The  pins  installed  in  the  adjacent  Alberta  College 
buildings  are  called  settlement  plugs  as  they  are  identical 
to  the  settlement  plugs  in  the  AGT  Tower.  The  installation 
and  recording  procedure  is  described  in  a  later  chapter 
dealing  with  movements  observed  there.  The  elevations  of 
the  Alberta  College  buildings  relative  to  deep  benchmark  #1 
were  taken  periodically  as  excavation  progressed. 

5 . 6  Observed  Foundation  Rebound 

Excavation  work  commenced  on  September  19,  1968  and 
was  completed  on  August  14,  1969.  The  heaves  measured  dur¬ 
ing  the  sequence  of  unloading  and  partial  reloading  of  the 
foundation  soil  are  shown  in  Fig.  5.12. 

The  real  data  as  obtained  in  the  field  has  been  plotted 
as  distinct  points.  The  lines  drawn  through  these  points 
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were  not  drawn  simply  from  point  to  point  but  were  often 
extended  to  reflect  the  real  history  of  unloading.  For 
example,  the  parallelism  of  several  lines  as  given  by  three 
rebound  sets  in  Fig.  5.12  was  continued  beyond  the  day  101 
to  day  232  period.  During  this  period  and  prior  to  day  260 
there  was  no  unloading  until  the  start  of  excavation  of  the 
S.W.  quadrant. 

One  interesting  observation  that  can  be  made  is  that 
the  heave  at  rebound  point  7  at  day  368  is  still  81  per  cent 
of  the  2.27  inches  recorded  for  point  4  located  22.5  feet 
above  it. 

This  means  that  the  bulk  of  the  heave  at  the  AGT  site 
takes  place  in  the  bedrock  formation.  Furthermore,  it  means 
that  the  22.5  foot  zone,  essentially  the  Saskatchewan  Sands 
and  Gravels  stratum,  expanded  about  0.42  inches  during  un¬ 
loading,  as  indicated  by  the  gradual  separation  of  plotted 
data  in  Fig.  5.12  for  points  4  and  7. 

The  downward  movement  of  rebound  points  3,  4,  5  and  7 
after  day  410  reflects  the  increasing  foundation  loading  as 
construction  progresses  at  the  AGT  site. 

Rebound  point  10  located  within  the  N.E.  quadrant, 

(see  Fig.  5.7)  responded  very  rapidly  to  the  removal  of 
overburden.  Rapid  response  of  this  type  has  also  been  experi¬ 
enced  by  Bara  and  Hill,  (1967)  and  Serota  and  Jennings, 

(1959).  The  subsequent  1  inch  upward  movement  of  point  2 
during  the  excavation  of  the  S.E.  quadrant  again  reflected 
this  rapid  foundation  response. 
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During  the  seven  month  winter  period  prior  to  excava¬ 
tion  of  the  S.W.  quadrant,  appreciable  time  dependent  rebound 
took  place  at  points  2  and  10.  The  magnitude  of  this  move¬ 
ment  equalled  the  earlier  heave  recorded  during  the  period 
of  load  relief.  Similar  response  has  been  observed  by  Endo 
(1969)  for  the  expansion  of  a  very  stiff  clay  strata  due  to 
the  excavation  of  overlying  soil.  The  heave  observations 
at  the  AGT  site  are  consistent  with  those  reported  by  Chang 
and  Duncan  (1970)  for  a  200  foot  deep  excavation  in  California. 
Here  a  deposit  of  interbedded  clays,  silts  and  sands  under¬ 
lain  by  highly  consolidated  siltstone  and  dense  silt  rebounded 
as  much  as  1/3  of  the  total  measured  after  excavation  was 
comp  1 eted  . 

At  the  completion  of  the  S.E.  quadrant  the  borehole 
in  which  rebound  point  3  was  located,  surfaced  only  about  4 
feet  from  the  edge  of  the  40  foot  deep  excavation.  Probing 
to  this  point  became  difficult  at  this  time.  To  make  proper 
contact,  the  piping  had  to  be  held  against  the  borehole  side 
and  even  then  the  conical  probe  often  slid  beside  the 
circular  plate  that  capped  the  vane.  It  is  considered 
possible  that  some  lateral  distortion  of  the  ground  caused 
the  slight  out  of  vertical  alignment  and  hence  the  difficulty. 

The  maximum  heave  recorded  at  the  site  after  completion 
of  excavation  in  all  four  quadrants  was  2.7  inches  for  re¬ 
bound  point  2.  Although  more  centrally  located,  rebound 
point  3  heaved  a  lesser  amount  of  2.3  inches  as  extensive 
time  dependent  movement  was  prevented  due  to  reloading  by 


' 


, 

5'  «f 

, 


■  •  •  £  (  ■- 


149 


the  footing  above  it. 

In  general  the  movements  followed  the  expected  theo¬ 
retical  pattern;  i.e.,  the  greatest  heaves  occurring  in 
the  centre  of  the  excavation  and  the  least  at  rebound  point 
8  located  in  an  excavation  corner.  An  intermediate  value 
would  be  for  rebound  point  6,  located  approximately  at  the 
centre  line  of  the  excavation  but  at  the  side. 

The  foundation  soil  at  rebound  points  2,  6  and  10  is 
only,  if  at  all,  slightly  reloaded.  These  points  are  located 
within  the  underground  parking  garage  area  well  away  from 
the  AGT  Tower.  Of  these  three  points,  point  6  heaved  the 
least  because  it  was  closest  to  the  side  of  the  excavation. 

Time  dependent  heave  virtually  ceased  at  these  points 
2  to  3  months  after  completion  of  excavation  of  the  over- 
lying  soil.  This  type  of  movement  has  also  been  observed  by 
Bara  and  Hill  (1967),  as  a  result  of  the  115  foot  excavation 
for  the  Dos  Amigos  Pumping  Plant  foundation  in  California. 

The  movements  experienced  at  the  Alberta  College 
buildings  are  shown  in  Fig.  5.13.  The  southernmost  building 
paralleled  the  excavation  with  the  cut  exposing  the  sides  of 
of  the  foundation.  An  access  ramp  located  at  a  depth  of  15 
feet  was  supported  by  vertical  sheet  piles  spaced  at  5  foot 
centres.  At  a  20  foot  distance  from  the  building  the  cut 
was  vertical  to  the  AGT  basement  elevation. 

The  maximum  heave  experienced  by  the  southernmost 
building  is  0.35  inches.  The  northernmost  building  also 
paralleled  the  edge  of  the  excavation,  but  at  a  distance  of 
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about  15  feet,  the  excavation  side  slope  was  1  1/2  vertical 
to  1  horizontal  to  the  bottom  of  the  excavation.  The  maxi¬ 
mum  heave  recorded  at  this  building  was  .25  inches  and  due 
to  later  backfilling  came  down  to  .12  inches  of  rebound. 

An  east  west  heave  profile  as  well  as  the  correspond¬ 
ing  excavation  section  is  shown  in  Fig.  5.14.  The  profile 
indicates  that  the  maximum  heave  was  at  the  centre  of  the 
excavation.  The  curves i 1 1  us trate  the  sequence  of  excavation, 
as  the  rapid  rebound  at  point  10  was  not  repeated  at  points 
4  and  7  until  excavation  of  the  N.W.  quadrant.  The  data  for 
the  Alberta  College  buildings  is  included  in  the  figure 
although  the  dates  of  recording  do  not  correspond  exactly. 

The  dashed  line  indicates  the  hypothetical  heave  which  may 
have  taken  place  in  the  area  where  no  rebound  points  are 
1  oca  ted . 

From  these  observations  on  buildings  located  immediately 
adjacent  to  the  excavation  it  is  obvious  that  heave  effects 
are  minimal  and  tend  to  decrease  rapidly  with  distance  away 
from  the  excavation.  The  northernmost  Alberta  College  build¬ 
ing  is  only  several  feet  further  from  the  excavation  edge 
and  only  undergoes  about  one-third  the  heave  experienced 
at  the  southernmost  building. 

An  indirect  indication  of  heave  of  areas  outside  the 
excavation  can  be  obtained  by  examining  the  settlement  record 
of  the  southernmost  Oxford  Building  footings.  The  settlement 
data  for  settlement  plugs  2,  3  and  4  is  shown  in  Fig.  5.15. 

The  heaves  recorded  at  these  three  locations  correspond  to 
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Fig.  5.14  Excavation  Section  and  Heave  Profile,  AGT-  Oxford  Complex 
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Fig.  5.15  Rebound  at  the  Oxford  Building 
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the  onset  of  excavation  at  the  AGT  site.  This  heave  is  not 
discernible  at  footings  located  a  distance  of  40  feet  away 
from  the  excavation  boundary.  This  again  indicates  the 
rapid  decay  of  heave  effects  at  distances  away  from  the 
excavation  boundary.  The  settlements  experienced  after  day 
26  at  footing  27,  located  approximately  symmetr i ca 1 ly  oppo¬ 
site  footing  3,  is  appended  to  the  settlement  record  of 
footing  3.  The  dashed  line  indicates  that  approximately 
0.6  cm.  (.24  inches)  heave  occurred. 

5 . 7  Mechanism  of  Heave  Response 

The  response  to  unloading  by  excavation  is  characteri zed 
by  an  immediate  upward  movement  of  rebound  points  which  in 
magnitude  usually  exceeds  50  per  cent  of  the  total  heave 
experienced.  For  example,  rebound  point  10  heaved  1.4 
inches  which  is  about  60  per  cent  of  the  total  heave  recorded 
nearly  two  years  later. 

After  cessation  of  excavation  from  a  particular  quad¬ 
rant,  the  time  delay  to  reach  approximately  80  per  cent  of 
the  two  year  heave  is  about  2  months.  Hence  the  total  rebound 
response  can  be  termed  instantaneous  for  most  practical 
purposes  . 

The  relative  displacements  of  particular  rebound  points 
follow  the  pattern  predicted  by  elastic  behaviour.  If  the 
final  excavation  is  assumed  to  be  square  with  constant  depth, 
then  the  rebounds  experienced  at  a  corner  (rebound  point  8), 
at  a  side  (rebound  point  6)  and  at  the  centre  (average  rebound 
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of  points  2  and  3)  can  be  related  simply  by  means  of  the 
theoretical  influence  values  and  area  widths. 

The  equation  given  by  Steinbrenner  (1934)  for  the 
settlement  at  a  corner  of  a  rectangular  area  is 


A 


qB(ip-)  I 


A 
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The  theoretical  ratio  of  settlement  at  the  centre  of  the 
excavation  to  a  corner  becomes 


A  centre  _ 
A  corner 


( theore  ti ca 1 ) 


The  ratio  for  the  observed  data  yields 


Ace nt re  _ 
Acor ner 


(observed ) 


Using  a  similar  relationship  between  the  centre  and  a  loca 
tion  on  a  centre  line  but  at  an  excavation  side,  yields  a 
theoretical  centre  to  side  rebound  ratio  of 


Acen tre 
Aside 


(theoreti cal ) 


The  ratio  for  observed  heave  is 
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A  centre 
A  side 


(observed ) 


The  agreement  here  between  the  theoretical  heave  given 
by  elastic  theory  and  the  observed  heave  indicates  that  the 
adoption  of  an  elastic  mechanism  for  analysis  is  appropriate. 
The  rapid  response  to  unloading  noted  earlier  supports  this 
conclusion.  This  approach  to  analysis  of  heave  phenomena 
is  not  new  and  has  been  used  by  Bozozuk  (1963)  and  Serota 
and  Jenni ngs  (1959). 

5 . 8  Method  of  Heave  Analysis 

Equation  5.1  allows  calculation  for  heave  at  the  sur¬ 
face  of  a  semi - i nf i n i te  solid  due  to  a  negative  vertical 
load  acting  upon  a  finite  area.  At  the  completion  of  excava¬ 
tion  when  most  rebound  points  are  located  a  few  feet  from 
the  bottom  excavation  surface,  the  solution  given  by  this 
equation  would  be  applicable.  However  since  the  rebounds 
measured  at  intermediate  stages  of  excavation  correspond  to 
heaves  of  points  located  within  the  elastic  body,  a  different 
solution  must  be  adopted. 

A  second  equation  given  by  Steinbrenner  (1934)  can  be 
used  to  solve  for  the  vertical  displacement  of  a  point  at 
any  depth  beneath  a  corner  of  a  rectangular  area  (Harr,  1966). 


Ac(z)  =  |f  (1-y2)  (A  -  B) 
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width  of  rectangular  area 
length  of  rectangular  area 
depth  of  point  below  semi - i nf i n i t e  surface 
f (m, n) 

f (m,n) 

b 
a 

z_ 
a 

Since  superposition  is  valid,  the  vertical  displace¬ 
ment  of  any  point  within  the  mass  can  be  obtained  by  a 
summation  process.  For  cases  where  z  =  0  equation  5.2  reverts 
to  equat i on  5.1. 

The  correction  for  settlements  (or  heaves)  for  areas 
at  depths  below  the  ground  surface,  as  given  by  Fox  (1948), 
is  not  incorporated  into  the  solution.  For  a  330  x  330  foot 
excavation  about  40  feet  deep,  the  correction  ratio  of  mean 
settlement  (heave)  of  an  area  at  depth  C  to  that  located  at 
the  surface  is  0.985.  This  means  that  boundary  restraint 
is  small  when  the  overall  excavation  area  is  large. 

To  analyze  the  rebound  at  the  AGT  excavation  it  is 
necessary  to  deal  with  a  large  number  of  excavation  areas, 
each  possessing  a  different  bottom  elevation.  Differences 
in  unit  weights  of  excavated  soil,  as  well  as  depths,  give 
rise  to  variations  in  unloading  pressures.  Since  all  rebound 
points  are  not  at  the  same  elevation,  a  further  complication 


where  a  = 
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is  introduced.  To  facilitate  analysis  of  heaves  at  all 
rebound  points  for  several  excavation  configurations  a  com¬ 
puter  solution  of  equation  5.2  was  written. 

To  solve  for  the  rebound  moduli  of  the  AGT  foundation, 
the  rebounds  at  the  specific  locations  of  the  rebound  points 
were  calculated  using  an  arbitrary  series  of  elastic  moduli 
and  Poisson's  ratios.  Interpolation  using  the  observed 
rebound  with  the  computer  derived  theoretical  rebound  set 
yielded  the  desired  foundation  modulus. 

5 . 9  Computer  Solution 

The  computer  program,  called  hereafter  the  Steinbrenner 
computer  solution,  requires  four  specific  sets  of  information. 

i )  Soil  Prof i 1 e  Data 

The  elevation  of  the  upper  stratum  boundary,  the 
stratum  thickness  and  its  total  unit  weight  are  specified. 

ii)  Rebound  Point  Data 

Here  the  X  and  Y  coordinates  are  specified  as  well  as 
the  rebound  point  elevations. 

i i i )  Ex cava ti on  Data 

An  entire  excavation  is  defined  as  a  number  of  component 
blocks,  each  having  a  specified  length,  width,  centroidal 
location  and  bottom  elevation. 

iv)  Statistics 

These  control  the  computer  solution.  The  most  important 
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parameter  specified  is  DEL,  the  depth  of  individual  excava¬ 
tion  layers. 

The  excavation  as  it  appeared  on  November  6,  1968 
is  shown  in  Fig.  5.16.  A  typical  description  of  the 
December  20,  1968  excavation  in  terms  of  its  8  component 
excavation  blocks  is  given  in  Fig.  5.17. 

Starting  at  the  ground  surface,  each  excavation  block 
is  broken  into  slabs  which  possess  the  same  horizontal 
configuration  as  their  parent  block,  but  are  DEL  feet  thick. 
An  exception  is  at  the  base  of  the  block,  where  due  to 
elevation  specifications,  the  slab  may  be  less  than  DEL 
feet  thick.  Depending  on  the  location  of  the  slab  within 
the  soil  profile,  each  slab  is  assigned  a  specific  weight 
per  square  foot,  representative  of  the  force  it  exerts  on 
the  next  lower  slab.  If  a  particular  block  is  shallow,  such 
that  an  excavation  slab  at  lower  elevations  is  non-existent, 
an  imaginary  slab  is  defined  with  the  assigned  unload  pres¬ 
sure  specified  as  zero.  Thus  the  entire  excavation  is 
defined  as  a  two-dimensional  matrix,  with  each  term  repre¬ 
senting  the  unload  in  kips  per  square  foot  of  a  particular 
component  slab. 

A  test  trial  run  of  the  solution  with  variation  of 
DEL  between  0.5  and  3.0  feet,  indicated  that  the  computed 
elastic  heave  over  this  range  was  quite  insensitive  to  the 
value  used.  A  difference  of  only  .02  inches  occurred. 
Throughout  the  analysis  of  the  AGT  excavation  the  value  of 
DEL  was  maintained  at  1.0  feet. 
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FIG.  5.16  AGT  EXCAVATION,  NOVEMBER  6,  1968 
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Fig.  5.17  Excavation  Description  in  Terms  of  Component  Blocks 
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Superposition  techni ques can  now  be  used  to  compute 
rebound.  Rewriting  equation  5.2  in  a  different  form,  the 
contribution  to  rebound  at  a  specific  point  due  to  the 
removal  of  M  excavation  slabs  can  be  written  as  shown  in 
equation  5.3. 


n  2  i=M  m  o  wi.  \  i=M 

Aj^zj'  =  “T-  aiqiAi-'  ‘  2E  U  a  i q  i  B  i  ^ 


5.3 


Starting  with  the  excavation  slabs  in  the  uppermost  layer 

at  the  surface,  the  rebound  A.  due  to  slabs  in  layer  j 

3 

is  then  simply  a  function  of  z.,  the  depth  of  layer  j  to 

J 

the  rebound  point,  and  the  geometric  distribution  of  the 
contributing  slabs.  The  q^  surcharge  in  the  equation  is  the 
unload  pressure  of  an  individual  excavation  slab  and  equals 
a  specific  term  in  the  previously  described  excavation  matrix. 

Using  a  summation  process,  the  removal  of  succeeding 
layers  yields  the  total  heave  due  to  the  entire  excavation 
configuration.  Thus  the  final  heave  at  a  single  rebound 
point  is: 


j  =  N 

A  =  I  a.(z.)  5.4 

j  =  l  J  J 

where  N  is  the  total  number  of  layers  required  to  define 
the  entire  excavation.  Thus,  if  the  maximum  excavation 
block  is  40  feet  deep  and  DEL  is  defined  as  2  feet,  twenty 
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layers  will  be  required. 

To  solve  for  rebounds  at  other  locations,  this  proce¬ 
dure  was  repeated  using  the  same  excavation  matrix  but  re¬ 
defining  z.  values  consistent  with  the  depths  of  the  rebound 

J 

points. 

5.10  Comparison  of  Solutions 

Two  alternate  finite  element  solutions  were  available 
for  comparison  with  the  Steinbrenner  solution.  For  the 
special  case  of  rebound  displacements  of  an  axi -symmetr i c 
solid,  Wilson's  (1965)  solution  was  used. 

Fig.  5.18  shows  the  38.5  foot  deep  and  the  180.0  foot 
radius  circular  excavation  used  in  the  axi -symmetri c  finite 
element  solution.  Superimposed  on  the  circular  area  are 
twenty  one  excavation  blocks,  each  38.5  feet  deep,  needed 
for  the  Steinbrenner  solution.  Along  one  radius,  points  33 
to  45  define  locations  which  were  used  in  the  comparison. 

Using  an  elastic  modulus  of  90,000  psi  and  a  Poisson's 
ratio  of  0.4,  the  ratio  of  axi -symmetri c  finite  element  heave 
to  the  Steinbrenner  computer  solution  heave  was  0.80.  An 
exception  was  point  45  where  the  ratio  was  0.70  due  to  the 
imposed  boundary  conditions  existing  at  that  location. 

The  reasons  for  the  different  heave  results  are  due 
to  the  following  factors. 

(a)  The  Steinbrenner  solution  assumes  a  surface  plane  of 
infinite  extent.  The  stiffness  of  the  38.5  foot  deep 
surrounding  soil  mass  in  the  axi -symmetr i c  finite  element 
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Fig.  5.18  Axi-symmetric  Excavation  Plan  in  Terms  of 
Multiple  Rectangular  Blocks 
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solution  will  tend  to  reduce  heave. 

(b)  The  use  of  radial  stress  release  along  the  vertical 

wall  would  tend  to  decrease  the  heave  of  the  axi- 
symmetric  solid,  particularly  for  the  excavation  bottom 
near  the  side  of  the  excavation.  The  input  radial 
force  was  calculated  using  the  relation  Kq  =  for 

a  perfectly  elastic  medium. 

(c)  The  ax i -symmetr i c  solution  must  be  consistent  with  the 
boundary  constraints  of  the  cylindrical  solid  under¬ 
going  deformation.  At  a  radius  of  900  feet  the  boundary 
was  prevented  from  undergoing  radial  distortion.  At 

a  depth  of  1000  feet  the  cylindrical  bottom  was  defined 
as  a  fixed  rigid  base.  Although  this  cylinder  was 
large,  the  use  of  a  stratum  of  limited  thickness  and 
radial  extent  would  give  rise  to  smaller  heaves  than 
those  calculated  in  the  Steinbrenner  solution  using 
a  semi -i nf i n i te  solid. 

The  influence  of  the  rigid  base  can  be  observed  by 
computing  the  closed  form  solution  for  the  displacement  of 
a  circular  area  founded  on  the  surface  of  a  layer  of  infinite 
lateral  extent  underlain  by  a  rigid  base.  Using  the  influ¬ 
ence  values  computed  by  Egorov  (1958),  the  displacement  at 
the  centre  of  the  circular  area  is  1.25  inches  for  a  fixed 
base  at  1000  feet.  The  axi -symmetri c  finite  element  solu¬ 
tion  predicts  1.07  inches,  the  ratio  of  ax i -symmetri c  finite 
element  heave  to  the  Steinbrenner  computer  solution  heave 
is  then  0.86.  The  ratio  of  0.86,  as  compared  with  0.80 
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found  earlier,  reflects  the  influence  of  the  rigid  base 
assumption. 

The  Steinbrenner  computer  solution  which  uses  super¬ 
position  of  rectangles  is  compared  to  the  closed  form  solu¬ 
tion  also  given  by  Steinbrenner  (1934)  for  the  displacement 
of  a  circular  area  founded  on  a  semi - i nf i ni te  elastic  solid. 
For  the  centre  point,  again  using  a  modulus  of  90,000  psi 
and  Poisson's  ratio  of  0.4,  the  respective  heaves  were  1.36 
and  1.40.  This  close  agreement  verifies  the  Steinbrenner 
computer  solution  which  was  described  earlier  in  this 
chapter . 

A  comparison  of  the  Steinbrenner  computer  solution  to 
Wilson's  (1963)  two-dimensional  finite  element  plane  strain 
solution  was  carried  out  using  the  real  AGT  excavation. 

This  will  be  discussed  in  a  subsequent  section. 

5.11  Foundation  Moduli  from  Field  Excavations 

In  an  earlier  section  dealing  with  heave  observations, 
it  was  noted  that  heave  at  points  outside  the  excavation 
decreased  rapidly  with  distance.  This  effect  can  be  observed 
in  Fig.  5.14,  where  rebound  point  10,  located  about  100  feet 
east  of  the  large  N.W.  quadrant,  did  not  undergo  any  appreci¬ 
able  additional  heave  as  this  quadrant  was  excavated. 

The  Steinbrenner  computer  solution,  as  do  the  finite 
element  solutions,  predict  appreciable  heaves  at  these 
"exterior"  locations,  even  though  they  are  not  observed  in 
the  field.  The  field  moduli,  derived  from  the  observed  heave 
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response  at  these  locations,  are  therefore  increased. 

This  effect  is  indicated  in  Fig.  5.19,  where  at  the 
completion  of  excavation  of  the  N.E.  quadrant,  the  derived 
foundation  modulus  for  rebound  point  10  is  about  45,000  psi. 
The  time  dependent  heave  without  any  change  in  excavation 
dimensions,  causes  the  field  modulus  to  decrease  to  about 
35,000  psi.  No  further  heave  takes  place  during  excavation 
of  the  S.W.  and  N.W.  quadrants.  This  is  immediately  reflected 
in  an  increased  field  modulus  for  rebound  point  10,  as  pre¬ 
dicted  by  the  Steinbrenner  solution. 

The  curve  shown  in  Fig.  5.19  for  rebound  point  10  is 
very  similar  to  the  curve  of  derived  Young's  moduli  plotted 
against  time,  as  given  by  Serota  and  Jennings  (1959)  for 
heave  in  stiff  fissured  London  Blue  Clay.  The  variation  in 
Young's  modulus  was  attributed  to  swelling  and  consolidation, 
although  undoubtedly  a  great  deal  was  due  to  the  above  men¬ 
tioned  effect  as  excavation  progressed  at  other  than  the 
location  of  the  rebound  markers.  The  interpretation  and 
observation  of  this  "artificial"  increase  in  moduli,  was 
greatly  simplified  at  the  AGT  excavation  site  due  to  the 
greater  number  of  rebound  points  available. 

This  same  effect  can  be  observed  for  rebound  points 
2  and  6,  but  to  a  much  lesser  extent.  This  is  so  because 
both  points  do  undergo  some  additional  heave  because  of 
their  proximity  to  the  S.W.  and  N.W.  excavation  quadrants. 

Points  2,  6  and  10  are  not  subjected  to  reloading  as 
they  are  located  within  the  parking  garage  area.  Point  2 
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is  centrally  located,  point  6  is  near  a  side  and  point  10 
is  located  off  centre,  towards  an  excavation  corner.  It 
is  interesting  to  note  that  movements  at  all  three  points 
are  such  that  within  60  days  after  completion  of  excavation, 
a  uniform  prediction  of  the  foundation  rebound  modulus  of 
about  47,000  psi  is  indicated. 

The  complication  of  the  time  effect  and  rapid  decrease 
in  heave  outside  excavation  areas  has  made  it  necessary  to 
carry  out  the  analysis  using  two  sets  of  observed  rebounds. 

The  first  set  of  rebounds  is  the  accumulated  observed 
heaves  that  take  place  during  the  excavation  periods.  This 
rebound  is  called  "immediate  rebound"  and  is  delineated  from 
the  total  observed  rebound  by  the  start  and  finish  dates  of 
quadrant  excavations. 

Using  these  rebound  values  with  their  corresponding 
excavation  dimensions,  the  Steinbrenner  solution  allows  the 
derivation  of  foundation  rebound  moduli  as  shown  in  Fig. 

5.20a.  The  histogram  shows  the  large  standard  deviation 
and  reflects  the  effect  of  reduced  observed  rebound  of 
points  outside  excavation  zones. 

Since  the  dates  at  which  the  excavation  bottom  nears 
the  rebound  points  were  known,  it  was  possible  to  plot  the 
histogram  of  only  those  moduli  obtained  from  heave  data 
taken  subsequent  to  these  dates.  This  effectively  eliminates 
the  inclusion  of  "artifical ly"  high  moduli  computed  for 
heave  data  obtained  from  exterior  located  points.  The  derived 
moduli  for  these  computations  are  shown  in  Fig.  5.20b.  Hence 
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Fig.  5.20  Histograms  of  Moduli  Derived  From  Immediate 

Rebound  Measurements,  AGT  Excavation 
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the  "immediate"  heave  that  can  be  expected  during  an  excava¬ 
tion  period  and  within  the  zone  of  excavation  may  be  com¬ 
puted  using  a  foundation  modulus  of  72,100  psi,  and 
Poisson's  ratio  of  0.4,  the  accuracy  of  calculation  being 
approximately  +  25  per  cent. 

The  second  set  of  rebounds  which  can  be  used  in  the 
analysis  is  the  total  observed  rebound.  These  heaves  in¬ 
clude  all  the  time  dependent  movement  recorded  during  the 
period  of  investigation.  Data  taken  subsequent  to  day  410 
for  rebound  points  subjected  to  reloading  were  not  used  in 
the  analysis. 

Using  the  Steinbrenner  solution,  the  computed  founda¬ 
tion  rebound  moduli  are  as  shown  in  Fig.  5.21a.  The  removal 
of  the  high  moduli  computed  for  exterior  located  points 
yields  the  histogram  shown  in  Fig.  5.21b. 

From  this  data  it  can  be  concluded  that  heaves  for 
excavations  open  for  a  considerable  length  of  time,  say  to 
6  months  or  more,  can  be  computed  using  a  foundation  modulus 
of  50,300  psi  and  a  Poisson's  ratio  of  0.4.  This  calculation 
would  only  be  true  for  locations  not  subjected  to  reloading 
during  the  period  of  consideration.  The  accuracy  of  this 
calculation  will  be  about  +  20  per  cent. 

The  excavation  on  day  368  (September  13,  1969)  was 
nearly  complete  and  approximated  a  square.  A  section  through 
the  centre,  including  points  4,  5,  6  and  7,  was  analyzed 
by  means  of  the  finite  element  plane  strain  solution.  Al¬ 
though  the  excavation  was  about  3  feet  deeper  at  its  north 
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Fig.  5.21  Histograms  of  Moduli  Derived  From  Total 
Rebound  Measurements,  AGT  Excavation 
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end,  averaging  of  excavation  depth  and  conversion  of  the 
square  to  an  equivalent  circular  area,  allowed  analysis  by 
the  axi -symme tr i c  solution.  Using  the  total  displacements 
for  day  368,  the  moduli  computed  by  the  three  available 
methods  could  be  tabulated  as  shown  in  Table  5.4. 

The  elastic  solid  used  in  calculating  the  moduli  by 
means  of  the  axi -symmetric  solution  is  virtually  identical 
to  the  body  used  in  the  comparison  described  in  an  earlier 
section.  Factors  giving  rise  to  differences  in  computed 
moduli  are  described  in  that  section  and  will  not  be  repeated 
here . 

The  close  agreement  between  the  Steinbrenner  derived 
moduli  and  those  from  the  plane  strain  solution  is  likely 
fortuitous.  The  section  used  in  the  plane  strain  finite 
element  solution  had  a  rigid  base  at  a  depth  of  1000  feet 
with  lateral  movements  restricted  at  boundaries  located  at 
least  200  feet  away  from  the  sides  of  the  excavation. 

Because  the  plane  strain  solution  predicts  an  infinite 
heave  if  an  infinitely  deep  section  is  defined,  the  computed 
derived  moduli  for  a  rigid  base  section  will  be  dependent 
on  the  chosen  depth  of  the  rigid  base.  Hence,  if  section 
depths  substantially  greater  than  1000  feet  were  used,  in¬ 
put  of  specific  rebounds  would  result  in  derived  moduli  of 
increased  magnitude. 

One  further  observation  that  can  be  made  from  the 
collected  rebound  moduli  is  that  the  modulus  of  the  bedrock 
formation  is  likely  greater  than  the  modulus  of  a  homogeneous 
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TABLE  5.4 

DERIVED  MODULI  FOR  HEAVE  AT  DAY  368 
BY  THREE  METHODS 


Moduli 


Point 

Observed 
Total  Heave 
i  n . 

Steinbrenner 
Solution 
ps  i 

Plain  Strain 
Fin.  Element 
ps  i 

Axi -symmetri 
Fin.  Element 
ps  i 

2 

2.70 

44,100 

N .  A . 

35,000 

3 

2.16 

55,900 

N .  A . 

44,300 

4 

2.27 

52,500 

56,000 

41,200 

5 

2.29 

49  ,800 

53,700 

41 ,000 

6 

1  .97 

46,100 

47,700 

35,000 

7 

1  .85 

61  ,300 

66,100 

48,100 

8 

1  .07 

71 ,000 

N .  A . 

N .  A . 

10 

2.29 

53,300 

N .  A . 

33,800 

Avg.  54,250 

Avg.  55,875 

Avg.  39,770 

' 

' 

175 


"equivalent"  foundation  which  will  also  include  the  Saskat¬ 
chewan  Sands  and  Gravels.  This  can  be  seen  by  comparing  the 
moduli  computed  from  data  collected  on  rebound  points  7  and 
4,  the  difference  usually  being  at  least  5,000  psi.  Al¬ 
though  this  evidence  is  only  from  a  single  rebound  point, 
the  fact  that  this  difference  is  not  greater  makes  analysis 
using  a  single  Young's  modulus  reasonable. 

5.12  Comparison  of  Field  and  Laboratory  Results 

The  average  moduli  of  "immediate"  and  "total"  rebound 
can  be  compared  to  the  moduli  obtained  in  the  laboratory 
from  tests  run  on  specimens  taken  at  the  AGT-Oxford  complex 
site. 

Ratios  of  field  to  laboratory  moduli  are  given  in 
Table  5.5  for  4  foundation  soil  types.  The  laboratory 
moduli  presented  in  the  table  are  the  largest  derived  for 
the  soil  and  test  types  quoted.  As  laboratory  rebound  data 
was  not  available  for  all  specimens  some  moduli  were  cal¬ 
culated  from  compression  data  as  indicated. 

From  the  extreme  variation  it  would  appear  that  there 
is  little  or  no  comparison  between  laboratory  or  field 
moduli.  The  range  of  ratios  is  not  only  an  expression  of 
differences  in  soil  type  and  test  type  but  probably  is  also 
a  reflection  of  the  variation  induced  by  differences  in 
stress  levels,  consolidation  procedures,  sample  types,  sample 
disturbance,  specimen  sizes  etc.  Work  by  Ladd  (1964)  has 
illustrated  that  these  factors  are  the  primary  cause  of 


. 


176 


TABLE  5.5 

COMPARISON  FIELD  AND  LABORATORY  MODULI 


Empirically  derived  field  moduli 

(a)  "Immediate"  rebound  72,140  psi 

(b)  "Total"  rebound  50,290  psi 


Soil  Type 

Labora  tory 
Modulus 
psi 

Labora  tory 
Test 

Ratio  Field 
to  Laboratory 
(a)  (b) 

Till 

1  200 

Rebound 

Oedometer 

60 

42 

752 

Rebound 

Oedometer 

96 

67 

9100 

Comp . 

Unconfined 

Compression 

8 

5.5 

Bedrock 

(Mudstone ) 

3500 

Comp . 

Unconfined 
Compress i on 

21 

14 

3410 

Comp . 

Oedometer 

21 

15 

( Sandstone ) 

8000 

Comp . 

Unconf i ned 
Compress i o  n 

9 

6.3 

2090 

Comp . 

Oedometer 

35 

24 

41800 

Comp . 

Consol i dated 
Undrained 

Tr i ax i al 

5 

3.4 

5000 

Comp . 

Consol ida ted 
Dra i ned 

14 

10 

Saskatchewan 

Sa  nds 

31000 

Comp . 

Consol i da  ted 
Dra i ned 

2.3 

1  .6 

90000 

Rebound 

Consol i dated 
Undra  i  ned 
Phase  II, 
Cycle  1 

0.8 

0.6 

78300 

Rebound 

Phase  II, 
Cycle  2 

0.9 

0.6 

250000 

Rebound 

Phase  III, 
Cycle  1 

0.3 

0.2 

38200 

Rebound 

Phase  IV, 
Cycle  1 

1  .9 

1  .3 

. 
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differences  between  field  and  laboratory  moduli. 

From  the  data  given  in  Table  5.5  it  is  obvious  that 
the  use  of  laboratory  moduli  would  lead  to  a  large  over 
estimate  of  field  rebound.  For  the  case  of  moduli  obtained 
from  unconfined  compression  tests,  this  observation  was 
also  made  by  Fadum  (1948),  where  variations  of  field  to 
laboratory  results  were  reported  in  excess  of  10. 

An  exception  were  the  laboratory  results  derived  from 
the  cyclic  consolidated  undrained  compression  test  run  on 
the  Saskatchewan  Sands.  In  several  instances  the  laboratory 
moduli  exceeded  the  field  value.  Accompanied  by  great  care 
in  sampling  and  specimen  preparation,  the  field  to  labora¬ 
tory  moduli  ratio  close  to  unity  indicates  that  derivation 
of  representative  laboratory  moduli  is  possible.  However, 
any  conclusive  observation  to  this  effect  can  only  be  made 
after  an  extensive  program  of  laboratory  testing  and  analy¬ 
sis  of  results. 

One  further  observation  that  must  be  made  is  the 
apparent  contradiction  evident  between  the  relative  moduli 
of  deformation  obtained  for  the  bedrock  and  sands  in  the 
laboratory  and  in  the  field.  On  the  basis  of  laboratory 
data  it  is  obvious  that  the  Saskatchewan  Sands  possess  a 
modulus  of  deformation  at  least  2  or  more  times  greater  than 
the  values  recorded  for  bedrock  specimens.  Yet  on  the  basis 
of  actual  field  behaviour  the  rebound  at  point  7  is  such  that 
it  represents  a  bedrock  rebound  modulus  about  5000  psi 
greater  than  the  value  recorded  at  point  4  above  it.  This 
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means,  in  effect,  that  the  Saskatchewan  Sands  possess  a 
real  deformation  modulus  somewhat  lower  than  the  bedrock. 

For  the  "total"  rebound  strain  between  rebound  points  4 
and  7  at  day  342,  an  approximate  estimate  of  the  modulus 
of  deformation  of  the  Saskatchewan  Sand  deposit  is  30,000 
psi.  However,  this  result  cannot  be  considered  as  conclu¬ 
sive  because  it  is  based  on  a  single  set  of  horizontally 
coincident  rebound  points. 

Since  this  difference  in  derived  moduli  becomes  more 
apparent  as  the  excavation  approaches  rebound  point  4,  per¬ 
haps  it  can  also  be  attributed  to  a  stress  dependent  modulus 
of  deformation.  At  lower  stress  reductions,  the  sand  and 
bedrock  heave  with  similar  rebound  moduli.  However,  at  a 
greater  depth  of  excavation,  the  higher  elevation  of  rebound 
point  4  gives  rise  to  greater  stress  reduction  near  that 
location,  thereby  causing  the  relative  reduction  of  field 
modulus  in  comparison  with  the  values  derived  at  the  deeper 
rebound  point  7. 

This  anomaly  again  points  out  the  i neons istency  of 
laboratory  and  field  moduli  of  these  overconsolidated  soils 
and  indicates  the  need  for  empirical  data  in  solving  for 
real  heave  response. 

5.13  Procedure  for  Analysis  of  Heave  Using  Empirically 

Derived  Moduli 

As  any  deep  excavation  in  the  southern  portion  of  the 


downtown  Edmonton  area  (see  Fig.  2.1)  will  approach  the 
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Saskatchewan  Sands  deposit  and  bedrock,  the  heave  response 
can  be  expected  to  be  similar  to  that  observed  at  the  AGT- 
Oxford  site.  Therefore,  the  results  of  the  analysis  given 
in  this  chapter  are  applicable  to  practice. 

From  exploration  at  any  site  the  stratigraphy  can  be 
determined.  Samples  taken  during  drilling  can  be  used  to 
derive  the  total  unit  weight  of  the  soil  to  be  excavated. 

From  dimensions  of  the  required  basement,  the  excavation  can 
be  described  in  terms  of  component  blocks  as  outlined  earlier 
in  section  5.9.  Rebound  points  can  be  defined  in  terms  of 
an  arbitrary  coordinate  system  wherever  it  is  necessary 
or  desirable  to  know  the  heave.  Points  inside  and  outside 
the  excavation  boundaries  may  be  specified. 

The  computer  solution  as  given  in  Appendix  G  can  be 
used  directly,  since  heaves  are  calculated  for  a  specified 
variation  of  rebound  moduli  and  Poisson's  ratios.  Computer 
output  will  consist  of  a  listing  of  all  input  parameters, 
a  listing  of  the  two-dimensional  excavation  matrix,  and 
tables  of  results.  For  each  rebound  point,  a  table  of  heaves 
is  given  with  column  and  row  headings  corresponding  respec¬ 
tively  to  foundation  rebound  moduli  and  Poisson's  ratio. 

As  for  the  analysis,  a  variation  of  E  from  30,000  psi  to 
170,000  psi  in  increments  of  10,000  psi  is  convenient.  Be¬ 
cause  the  solution  is  not  very  sensitive  to  variation  in 
Poisson's  ratio,  specification  of  Poisson's  ratio  as  0.3, 

0.4  and  0.5  is  usually  adequate.  With  this  type  of  output 
the  greatest  amount  of  flexibility  is  achieved  as  no  decision 
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as  yet  is  required  regarding  the  foundation  rebound  modulus 
representative  of  the  location. 

For  points  located  at  an  elevation  near  the  bottom 
of  the  excavation  and  within  its  boundaries,  there  are  two 
moduli  that  can  be  used  to  enter  the  tables.  These  are 
approximately  72,000  psi  and  50,000  psi  respectively  for 
the  "immediate"  and  "total"  or  relatively  long  term  heave. 

If  the  excavation  is  open  for  a  short  period  of  time  and 
the  bottom  is  loaded  rapidly,  it  will  experience  heave  in 
accordance  with  the  higher  modulus,  probably  about  70,000 
psi.  If  the  excavation  is  to  be  left  open  for,  say  6  months 
or  more,  or  is  lightly  loaded,  the  lower  modulus  of  50,000 
psi  may  be  used.  For  intermediate  situations,  a  modulus 
between  these  two  values  can  be  chosen  to  compute  the  exca¬ 
vation  rebound. 

If  it  is  desirable  to  know  the  rebound  at  depths  con¬ 
siderably  deeper,  say  at  more  than  1/3  the  excavation  depth 
beyond  the  excavation  bottom,  then  a  somewhat  higher  modulus 
should  be  chosen.  In  the  case  of  "immediate"  rebound,  an 
increase  of  5,000  psi  to  75,000  psi  would  be  representative 
of  field  behaviour.  For  excavations  open  for  a  considerable 
period  of  time,  the  increase  can  be  greater,  say  from  50,000 
psi  to  60,000  psi. 

The  greatest  need  for  exercise  of  judgment  is  for 
determining  heave  of  points  located  outside  excavation  boun¬ 
daries.  At  points  outside  the  excavation,  boundary  restraint 
influences  heave  such  that  it  is  much  less  than  computed  us- 
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ing  the  previously  given  moduli.  Several  methods  can  be 
used  to  estimate  the  heave. 

The  heaves  for  excavations  45  feet  deep  seem  to  de¬ 
crease  very  rapidly  to  near  zero  at  a  distance  equal  to 
approximately  the  depth  of  excavation  away  from  the 
sides.  Using  this  observation,  a  linear  distribution  can 
be  assumed  from  zero  heave  to  the  value  calculated  for  a 
point  located  opposite  at  the  excavation  boundary.  Although 
somewhat  arbitrary,  this  approximation  should  be  representa¬ 
tive  of  the  behaviour  of  the  downtown  Edmonton  soils. 

A  second  procedure  for  estimating  heaves  at  these 
exterior  points  is  to  enter  the  heave  table  with  an  "arti¬ 
ficially"  high  modulus.  Since  time  dependent  heave  at 
these  points  appears  to  be  small,  differentiation  between 
"immediate"  and  "total"  rebound  can  be  neglected.  On  the 
basis  of  the  AGT  data,  the  heave  at  exterior  points  takes 
place  with  field  moduli  approximately  equal  to  120,000  psi 
or  greater.  One  drawback  to  this  procedure  is  that  heaves 
will  still  be  specified  at  distances  greater  than  tne 
depth  of  excavation,  even  though  they  are  negligible  at 
these  points. 

5.14  General  Observations  and  Summary 

From  the  work  outlined  in  this  chapter  there  are 
several  implications  of  importance  to  construction  practice 
which  should  be  recognized. 

(a)  Sequential  excavation  of  specific  zones  within  an 
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excavation  boundary  implies  sequential  heave.  Although 
the  reduction  in  heave  away  from  an  excavation  zone  is 
rapid,  concrete  structures  located  immediately  adjacent  to 
a  zone  are  subject  to  heave.  At  the  AGT  site  this  effect 
is  illustrated  in  Fig.  5.12  at  rebound  point  2,  located 
about  10  feet  away  from  the  toe  of  the  N.W.  quadrant  excava¬ 
tion  zone.  The  heave  there  was  about  0.3  inches. 

Readings  taken  by  the  contractor's  survey  or  on  columns 
placed  in  cuts  in  the  N.W.  quadrant  side  slope  indicated  a 
heave  of  approximately  3/4  inch.  As  no  effort  was  made 
to  establish  precise  control  at  the  survey  locations,  the 
reliability  of  these  readings  is  not  known.  A  slight  open¬ 
ing  of  a  construction  joint,  which  disappeared  at  a  distance 
away  from  the  N.W.  quadrant,  indicates  that  this  phenomenon 
definitely  takes  place. 

In  order  to  minimize  this  effect  phased  construction 
should  be  discouraged  at  locations  at  distances  less  than 
1/2  the  depth  of  excavation  away  from  a  zone  which  is  to  be 
excavated  at  a  later  date. 

(b)  The  occurrence  of  rapid  but  still  time  dependent 
heave  suggests  that  lightly  loaded  areas  should  be  con¬ 
structed  as  late  as  possible.  This  means  that  slabs  on 
grade  should  not  be  poured  within  two  or  three  months  of 
excavation,  as  immediate  placement  will  result  in  heaves 
which  could  exceed  1.0  inch. 

(c)  Points  located  at  or  outside  the  excavation  boun¬ 
dary  will  be  subject  to  heave.  This  effect  should  be  under- 


T 

'■ 

( 

' 


' 


183 


stood  by  designers  of  any  project. 

(d)  If  a  tower  structure  and  lightly  loaded  structure 
are  both  located  within  the  same  excavation,  the  effect  of 
long  term  heave  of  the  lightly  loaded  structure  will  accen¬ 
tuate  the  differential  displacement  between  the  two  as  the 
tower  structure  settles. 

The  effect  of  long  term  heave  will  also  be  observed 
in  the  lightly  loaded  structure  as  minor  fluctuations  and 
variations  of  elevations.  Although  not  leading  to  structural 
distress  they  should  be  recognized  for  what  they  are. 

From  the  analysis  outlined  in  this  chapter  the  follow¬ 
ing  aspects  are  the  most  important  and  are  summarized  below. 

(a)  The  heave  response  due  to  excavation  is  rapid. 

The  "immediate"  rebound  taking  place  during  the  excavation 
period  constitutes  approximately  60  per  cent  of  the  "total" 
rebound  measured  over  approximately  a  1  1/2  year  period. 

This  response  can  be  computed  for  downtown  Edmonton  locations 
using  elastic  theory  and  the  moduli  given  in  the  chapter. 

(b)  Time  dependent  heave  is  evident  at  the  AGT-Oxford 
site  and  in  calculation  is  included  in  the  "total"  rebound 
quantity.  This  component  of  the  response  is  rapid  and 
virtually  ceases  2  to  3  months  after  excavation.  At  loca¬ 
tions  well  below  the  bottom  of  the  excavation  the  time  de¬ 
pendent  heave  is  much  smaller  than  that  observed  near  the 
excavation  surface. 

(c)  Elastic  properties  as  determined  in  the  laboratory 
differ  greatly  from  field  moduli  and  therefore  cannot  be 
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used  to  predict  heave  movements.  There  is  some  indication 
that  cyclic  consolidated  undrained  compression  tests  may 
yield  realistic  data,  but  additional  study  is  required  for 
conf i rma t i on . 

(d)  The  response  of  structures  located  at  distances 
away  from  the  excavation  is  considerably  less  than  predicted 
from  elastic  theory.  At  distances  greater  than  the  depth 

of  excavation  the  rebound  response  appears  to  be  virtually 
non-exi s  tent. 

(e)  The  greatest  portion  of  the  heave  recorded  at 
the  AGT-Oxford  site  takes  place  within  the  bedrock  stratum. 
The  expansion  of  the  Saskatchewan  Sands  deposit  is  measur¬ 
able  and  cannot  be  considered  to  equal  zero. 
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CHAPTER  VI 


SETTLEMENTS  AT  THE  OXFORD  BUILDING 
AND  THE  AGT  TOWER 


6 . 1  Introduction 

In  this  chapter,  the  settlement  behaviour  of  the  two 
buildings  which  comprise  the  AGT-Oxford  Complex  will  be 
examined  . 

The  geology  of  the  downtown  Edmonton  location  was  des¬ 
cribed  earlier  in  Chapter  II  and  is  therefore  not  dealt  with 
in  this  chapter.  Discussion  of  the  stratigraphy  at  the 
AGT-Oxford  Complex  site  and  the  relevant  geotechnical  pro¬ 
perties  of  individual  component  strata  have  been  given  in 
Chapter  V. 

6 . 2  Location  and  Description  of  Buildings 

The  specific  location  of  the  AGT-Oxford  Complex  was 
shown  in  Fig.  5.1.  The  AGT  Tower  is  somewhat  the  larger  of 
the  two  with  a  gross  floor  area  of  21,900  square  feet  as  com¬ 
pared  to  17,820  square  feet  for  the  Oxford  Building. 

Although  very  similar  in  external  architectural  appear¬ 
ance  the  buildings  differ  structurally.  The  26  storey  Oxford 
Building  is  entirely  constructed  of  reinforced  concrete  with 
a  centrally  located  core.  Both  internal  and  external  columns 
rise  the  full  height  of  the  building.  By  external  columns 
are  meant  all  those  located  at  the  building  perimeter  and 
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connected  to  one  another  by  a  2'  -  7"  deep  by  8"  wide  spandrel 
beam.  Typical  floors  consist  of  a  two-way  7"  slab  with  drop 
panels  at  all  internal  and  external  columns. 

The  foundation  plan  of  the  Oxford  Building  is  shown 
in  Fig.  6.1.  The  external  columns  along  the  south  side  of 
the  building  are  supported  on  a  strip  footing.  The  core 
is  founded  on  a  single  pad  in  the  centre  of  the  building. 

Due  to  legal  difficulties  in  site  procurement  the  northern 
half  of  the  columns  located  at  the  east  side  of  the  building 
were  founded  on  bored  piles,  hand  excavated  to  a  rectangular 
shape  at  their  base.  All  other  columns  were  founded  on 
individual  spread  footings  as  shown. 

The  34  storey  AGT  Tower  possesses  only  externally  loc¬ 
ated  columns  connected  to  one  another  by  a  2 1  -  7"  deep  and 
1'  -  4"  wide  spandrel  beam.  As  shown  in  Fig.  6.2  each  column 
is  supported  by  individual  footings  most  of  which  were  poured 
one  immediately  adjacent  to  the  next.  The  rigid  core  located 
in  the  building  centre  is  made  up  of  four  units  each  founded 
on  its  own  footing  pad  which  is  6  feet  thick.  The  core  sec¬ 
tions  are  connected  to  one  another  by  deep  reinforced  con¬ 
crete  beams  thus  essentially  resulting  in  a  single  rigid 
monolithic  core  unit. 

The  absence  of  internal  columns  resulted  in  a  clear 
span  distance  of  about  39  feet  between  the  core  walls  and  the 
spandrel  beam.  For  typical  floors  this  distance  was  bridged 
by  2'  -  2"  deep  steel  frame  joists  located  at  4'  -  9"  centers. 
These  were  covered  by  metal  decking  and  in  turn  covered  by 
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Fig.  6.1  Foundation  and  Footing  Plan 

Settlement  Plug  Locations,  Oxford  Building 
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Fig.  6.2  Foundation  and  Footing  Plan 

Settlement  Plug  Locations,  AGT  Tower 


189 


a  2  1/2"  layer  of  concrete.  The  resulting  floor  system 
makes  the  AGT  Tower  relatively  lighter  and  flexible  in  com¬ 
parison  with  the  Oxford  Building. 

A  north-south  section  through  the  AGT-Oxford  complex 
is  shown  in  Fig.  6.3.  The  Oxford  Building  is  complete  and 
has  been  occupied  since  January  1,  1970.  As  of  September 
22,  1970  construction  of  the  superstructure  of  the  AGT  Tower 
had  progressed  to  the  29th  floor. 

As  shown  in  the  section  the  elevation  of  the  Oxford 
footings  vary  considerably  in  contrast  to  the  relatively 
uniform  elevation  of  the  AGT  Tower  foundation  system.  Because 
the  till  stratum  is  a  competent  bearing  material  throughout 
most  of  its  depth  and  since  the  proximity  of  adjacent  struc¬ 
tures  and  roads  made  it  undesirable  to  locate  a  deep  basement 
under  the  entire  Oxford  Building,  the  south-north  transition 
from  the  45  foot  deep  underground  parking  garage  to  the  con¬ 
course  floor  was  adopted. 

The  AGT  Tower  core  footings  and  some  exterior  column 
footings  were  constructed  on  the  Saskatchewan  Sands  and 
Gravels.  The  balance  of  the  footings  were  excavated  entirely 
in  the  till  usually  with  only  a  few  feet  remaining  over  the 
Saskatchewan  Sands  and  Gravel  stratum. 

For  both  the  Oxford  Building  and  the  AGT  Tower,  foot¬ 
ing  excavation  was  carried  out  by  machine  with  final  trimming 
and  cleanup  of  disturbed  soil  done  by  hand.  The  excavations 
were  not  left  open  for  more  than  one  day  and  were  poured 
neat.  An  exception  to  this  were  the  core  footings  which 
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were  formed  at  the  sides. 

6 . 3  Instrumentation  and  Data  Acquisition 

Settlements  at  the  Oxford  Building  were  obtained  by 
measuring  the  change  in  elevation  of  28  settlement  plugs 
placed  in  columns  at  the  concourse  floor.  Their  locations 
are  shown  in  Fig.  6.1. 

The  installation  of  settlement  plugs  made  use  of  com¬ 
mercially  available  tools  and  supplies.  Upon  removal  of 
column  forms  an  impact  hammer  was  used  to  drill  a  5/8"  dia¬ 
meter  hole  into  the  concrete  sufficiently  far  to  ensure  that 
a  high  strength  steel  tubular  insert  would  be  flush  with  the 
concrete  surface.  A  conical  expansion  slug  was  used  to 
expand  the  slotted  tube  upon  insertion  so  that  it  became  com¬ 
pletely  immovable  relative  to  the  concrete.  To  obtain  ele¬ 
vations  a  3/4"  diameter  stainless  steel  pin  was  threaded 
into  the  settlement  plug  and  tightened  thus  allowing  a  rod 
to  be  set  on  the  pin.  Upon  removal  of  the  steel  pin  an  oiled 
bolt  was  used  to  seal  the  settlement  plug. 

Settlement  readings  on  the  Oxford  Building  were  re¬ 
ferenced  to  benchmark  no.  3  located  on  the  Macdonald  Hotel 
about  220  feet  away  as  shown  in  Fig.  5.1.  Because  it  is 
necessary  to  cross  a  street  and  enter  the  concourse  at  a 
lower  level  in  the  Oxford  Building  the  survey  traverse  is 
complex.  Although  the  traverse  usually  closed  within  .1  cm. 
the  error  in  the  survey  could  exceed  this  value.  Readings 
were  taken  by  precise  level  and  a  rod  scaled  in  millimeters 
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whenever  a  further  four  or  five  floors  were  added. 

At  the  A6T  Tower  a  total  of  ninety  settlement  plugs 
identical  to  those  at  the  Oxford  Building  were  located  in 
the  lower  parking  floor  of  the  AGT-Oxford  complex.  As  shown 
in  Fig.  6.2  they  were  installed  in  all  exterior  columns  and 
at  several  locations  in  the  A6T  Tower  core  area.  Settlement 
plugs  were  also  installed  in  columns  located  in  the  under¬ 
ground  parking  garage  as  shown  in  Fig.  6.4.  This  allowed 
observation  of  settlement  differentials  between  the  AGT 
Tower  and  the  surrounding  parking  garage.  To  facilitate 
surveying  all  settlement  plugs  were  located  on  column  sides 
directly  visible  from  a  particular  instrument  location. 

Elevations  at  the  AGT  Tower  were  determined  by  precise 
levelling  techniques  making  use  of  a  Wild  N-3  instrument 
and  a  rod  scaled  in  millimeters.  Prior  to  pouring  of  the 
slab  on  grade,  survey  turning  points  consisted  of  1/2"  steel 
pins  driven  into  the  ground.  Subsequent  turning  points 
consisted  of  a  heavy  5"  diameter  steel  plate  which  acted  as 
a  1  1/2  inch  high  tripod  and  could  be  located  anywhere  on 
the  concrete  floor  slab. 

The  total  length  of  traverse  around  the  AGT  Tower  is 
approximately  800  feet  and  requires  about  twelve  turning 
points  with  foresights  and  backsights  balanced  as  closely  as 
possible.  Readings  were  visually  estimated  to  the  nearest 
.01  cm.  in  order  to  reduce  the  total  traverse  error,  usually 
1  ess  than  +  0.1  cm . 

Elevations  for  the  traverse  were  referenced  to  DBM  #2 
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Fig.  6.4  Location  of  Settlement  Plugs  in 

Lower  Parking  Garage,  AGT  Tower 
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located  as  shown  in  Fig.  6.4,  approximately  120  feet  from 
the  AGT  Tower.  The  record  of  benchmark  control  is  given 
in  Appendix  D.  The  100  foot  deep  benchmark  was  installed 
at  the  completion  of  excavation  of  the  S.E.  quadrant  (see 
Fig.  5.7).  It  consists  of  a  cased  3/4"  pipe  which  tapers 
to  a  1/2"  pipe  and  rises  to  just  below  the  slab  on  grade  in 
the  lower  parking  garage.  The  installation  procedure  essenti¬ 
ally  followed  that  outlined  in  Chapter  II  for  the  deep 
benchmarks  located  at  the  CN  Tower. 

The  initial  set  of  elevations  were  taken  on  the  AGT 
Tower  columns  prior  to  construction  of  the  first  upper  park¬ 
ing  level  floor.  Hence  the  only  load  acting  at  the  soil 
footing  contact  at  that  time  was  the  weight  of  the  footing 
itself  and  the  first  column  or  wall  resting  on  it.  Subse¬ 
quent  readings  were  taken  at  approximately  equal  intervals 
of  load  application;  i.e.,  whenever  four  or  five  floors  were 
added  to  the  AGT  Tower.  Several  sets  of  elevations  could 
therefore  be  obtained  for  the  34  storey  building  during  its 
cons  tructi  on . 

As  indicated  in  Fig.  6.2  one  piezometer  was  installed 
in  the  lower  parking  core  area  between  the  SS  core  and  SN 
core  footings.  The  piezometer  tip  was  set  in  the  bedrock 
formation  about  9  feet  below  the  bedrock  surface.  The  piezo¬ 
meter  is  the  University  of  Alberta  transducer  type  (Brooker 
ejt  al_.  ,  1  968)  and  has  been  in  operation  continuously  since 
the  start  of  construction.  Readings  were  taken  approximately 
once  every  week  throughout  the  period  of  construction. 
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6 . 4  Building  Loads 

Because  no  columns  were  instrumented  to  provide  data 
regarding  the  load  they  carried,  the  procedure  for  determin¬ 
ing  the  loading  history  at  the  Oxford  Building  was  based  on 
the  following  three  assumptions. 

(1)  The  proportion  of  building  load  carried  by  a  single 
footing  is  in  accordance  with  the  distribution  calcu¬ 
lated  using  structural  design  loads. 

(2)  Concrete  quantities  and  weight  of  precast  exterior  cladd 
ing  can  be  used  for  footing  load  determination. 

(3)  The  reduced  live  load  acting  on  specific  footings  equals 
20%  of  the  total  dead  load  carried  by  the  footing. 

Use  of  assumptions  1  and  2  allowed  prorationing  of 
building  loads  in  accordance  with  the  percentage  carried  by 
an  individual  footing  to  the  total.  Records  of  concrete 
volumes  and  placing  of  precast  were  used  to  provide  the  total 
building  load  at  a  particular  date.  Assumption  3  is  based 
on  personal  communication  with  the  structural  consultant 
and  allows  for  an  estimate  of  the  live  load  at  the  completion 
of  construction. 

A  more  precise  procedure  was  followed  at  the  A6T  Tower 
since  the  construction  of  this  building  coincided  with  the 
period  wherein  this  analysis  was  undertaken.  Day  to  day 
records  of  volumes  of  concrete  and  location  of  placement 
were  available  such  that  loads  could  be  accurately  distri¬ 
buted  to  the  appropriate  supports.  Measurements  of  brick 
walls  and  weights  of  beams,  joists,  decking  and  precast  cladd 
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ing  were  used  to  calculate  footing  loads  at  particular  in¬ 
stances  of  time.  Miscellaneous  items  such  as  exterior  glass, 
heavy  mechanical  equipment  and  mechanical  pads  were  included 
upon  installation  in  the  building.  Of  necessity  electrical 
wiring  and  piping  had  to  be  excluded  as  detailed  tabulation 
of  these  minor  weight  components  would  be  a  near  impossible 
task.  It  is  considered  that  the  procedure  outlined  here  has 
allowed  the  most  precise  calculation  of  footing  loads  poss¬ 
ible  under  conditions  of  actual  construction  practice. 

6 . 5  Settlement  Observations 

The  maximum  settlement  recorded  to  November  4,  1969 
at  the  Oxford  Building  was  2.8  cm.  for  settlement  plug  13. 

The  maximum  differential  settlement  of  0.9  cm.  over  a  25 
foot  span,  at  the  south-east  corner  of  the  building,  is  con¬ 
sidered  to  be  within  acceptable  limits  for  a  building  of  this 
type  (Feld,  1965).  Since  settlements  readings  were  taken 
on  only  one-half  of  the  Oxford  Building  footings  it  is  poss¬ 
ible  that  the  maximum  settlement  and  differential  settlement 
is  greater  than  that  noted  above. 

The  load  and  settlement  histories  for  twenty-eight 
Oxford  Building  footings  during  the  construction  period  to 
completion  and  full  occupancy  are  illustrated  in  Figures  6.5, 
6.6,  6.7,  6.8  and  6.9.  The  initial  settlement  reading  was 
taken  on  April  2,  1968  with  the  main  floor  slab  at  ground 
level  complete  at  that  time. 

The  settlement  record  is  similar  to  that  observed  at 
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Fig.  6.5  Load  and  Settlement  History,  Oxford  Building 
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Fig.  6.6  Load  and  Settlement  History,  Oxford  Building 


199 


o 


</> 

o 

“D 


<D 

E 


UUD  '4U9UUa|4495 


o 


Fig.  6.7  Load  and  Settlement  History,  Oxford  Building 
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Fig.  6.8  Load  and  Settlement  History,  Oxford  Building 
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Fig.  6.9  Load  and  Settlement 

Oxford  Building 
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the  CN  Tower  described  earlier  in  Chapter  II.  The  settle¬ 
ment  response  of  the  foundation  appears  to  be  related  to 
the  footing  contact  pressure  and  is  quite  rapid.  This  is 
particularly  evident  in  Figs.  6.8  and  6.9  for  footings 
located  in  the  interior  of  the  building.  Although  the 
settlements  measured  were  limited  to  the  construction  period 
there  is  some  evidence  of  time  dependent  settlement  behaviour. 
Even  though  construction  ceased  during  a  29  day  strike  which 
started  at  day  46,  settlement  continued  albeit  at  a  decreased 
rate.  This  can  be  seen  in  Figs.  6.7  and  6.8  for  footings 

21,  22,  26  and  27  and  is  indicative  that  some  time  dependent 
settlement  will  take  place  subsequent  to  full  occupancy. 

Due  to  the  effect  of  the  adjacent  excavation  for  the  AGT 
underground  parking  garage,  which  started  about  3  weeks 
prior  to  the  strike,  the  slight  decrease  in  rate  of  settle¬ 
ment  is  completely  masked  by  heave  at  footings  located  at 
the  south  end  of  the  Oxford  Building.  The  heave  of  these 
footings  is  readily  evident  in  Figs.  6.5  and  6.6  and  was 
described  earlier  in  Chapter  V.  The  north-south  settlement 
profiles  through  the  Oxford  Building  shown  in  Fig  6.10  indi¬ 
cate  that  the  settlement  pattern  is  typically  "bowl  shaped" 
with  some  distortion  due  to  heave  as  shown  for  the  February 
14,  1969  data. 

The  settlement  record  for  the  AGT  Tower  to  September 

22,  1970  is  limited  to  that  occurring  during  construction 
up  to  the  29th  floor.  Because  of  the  quantity  of  data,  the 
settlements  shown  in  Figs.  6.11,  6.12,  6.13,  6.14  and  6.15 
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Fig.  6.10  North- South  Settlement  Profiles,  Oxford  Building 
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Fig.  6.11  Load  History  and  Settlement  Profiles  of  the  East 
Exterior  Column  Line,  AGT  Tower 
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Fig.  6.12  Load  History  and  Settlement  Profiles  of  the  West 
Exterior  Column  Line,  AGT  Tower 
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Fig.  6.13  Load  History  and  Settlement  Profiles  of 

the  South  Exterior  Column  Line,  AGT  Tower 
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Fig.  6.14  Load  History  and  Settlement  Profiles  of 

the  North  Exterior  Column  Line,  AGT  Tower 
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Fig.  6.15  Load  History  and  Settlement  Profiles  of  the  AGT  Tower  Core  Area 
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are  presented  in  terms  of  settlement  profiles  along  the  four 
exterior  column  lines  and  three  interior  core  lines.  The 
time  scale  used  in  the  accompanying  typical  loading  his¬ 
tories  is  the  same  as  that  used  for  the  Oxford  Building. 

The  maximum  settlement  observed  to  September  22,  1970 
is  3.2  cm.  in  the  interior  core  area.  The  differential 
settlement  between  the  core  and  the  exterior  columns  is 
about  1.4  cm.  (0.55  inches)  and  takes  place  over  a  span  of 
39  feet.  As  the  AGT  Tower  is  a  flexible  building  this  dif¬ 
ferential  settlement  is  quite  tolerable  although  it  has 
caused  some  difficulty  during  construction  in  the  determina¬ 
tion  of  ceiling  elevations. 

As  evident  in  Figs.  6.16  and  6.17  the  exterior  columns 
of  the  building  are  subjected  to  time  dependent  heave  of  the 
foundation.  This  is  because  of  the  sequence  by  which  con¬ 
struction  took  place,  the  manner  by  which  the  initial  settle¬ 
ment  readings  were  taken  and  the  geometry  of  the  AGT  Tower 
foundation  plan.  Upon  completion  of  the  excavation  of  the 
N.W.  quadrant  (Fig.  5.7)  there  was  a  2  month  delay  before 
all  the  footings  and  first  columns  were  poured.  At  the  re¬ 
moval  of  column  forms  the  settlement  plugs  were  installed 
and  an  initial  elevation  was  taken.  This  results  in  record¬ 
ing  a  variable  amount  of  time  dependent  heave  depending  upon 
the  date  of  the  settlement  plug  installation  during  the  2 
month  period. 

Because  the  initially  lightly  loaded  exterior  footings 
were  surrounded  by  an  expanse  of  open  underground  parking 
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Fig.  6.16  Typical  Load  and  Settlement  History, 
AGT  Tower 
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Fig.  6.17  Typical  Load  and  Settlement 
AGT  Tower 
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area,  the  footings  were  subjected  to  rebound  as  the  founda¬ 
tion  underwent  time  dependent  heave  at  the  completion  of 
excavation  of  the  N.W.  quadrant.  This  is  particularly  true 
at  the  location  of  the  larger  corner  footings  as  evident  in 
the  settlement  profiles  of  Figs.  6.11  and  6.14.  As  indicated 
in  Figs.  6.16  and  6.17  the  time  dependent  foundation  heave 
is  suppressed  at  the  much  larger  massive  interior  core  foot¬ 
ings.  The  diagrams  indicate  that  at  day  620,  which  corres¬ 
ponds  approximately  to  the  start  of  installation  of  the 
exterior  precast  concrete  facing,  the  settlement  rate  in¬ 
creased  until  closely  corresponding  the  response  observed 
for  the  interior  core  footings.  The  excavation  of  the  con¬ 
struction  ramp  near  the  west  side  of  the  AGT  Tower  probably 
is  the  cause  of  the  greater  heave  indicated  for  footing  51 
in  Fig.  6.17. 

The  settlement  profiles  of  Figs.  6.11,  6.12,  6.13, 

6.14  and  6.15  show  that  the  settlement  pattern  of  the  AGT 
Tower  foundation  is  typically  "bowl  shaped"  with  the  maximum 
displacement  occurring  at  the  center.  This  is  shown  expli¬ 
citly  in  Fig.  6.18  where  the  settlement  profiles  along  the 
two  building  center  lines  are  drawn  using  the  September  22, 
1970  settlement  record.  The  effect  of  time  dependent  heave 
is  indicated  by  the  0.2  cm.  uplift  of  footings  8  and  5  located 
in  the  lightly  loaded  underground  parking  garage.  This  is 
not  evident  at  footings  26  and  25  because  the  heave  was 
suppressed  by  the  addition  of  the  plaza  floor  slab  after  the 
initial  settlement  reading.  The  center  line  profiles  support 
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the  observation  made  earlier  in  Chapter  V  that  the  differen¬ 
tial  settlement  between  a  heavily  and  lightly  loaded  area, 
both  in  the  same  excavation,  will  be  accentuated  by  the 
effect  of  time  dependent  heave  of  the  latter. 

The  overlap  of  rebound  observations  on  rebound  points 
and  settlements  on  settlement  plugs  is  shown  in  Fig.  6.19. 

In  the  case  of  rebound  point  no.  4  the  overlap  is  not  per¬ 
fect  as  this  point  is  located  between  the  SS  and  SN  core 
footings  (Fig.  6.2).  Since  this  rebound  point  will  not 
settle  quite  as  much  as  the  adjacent  footings,  the  difference 
in  elevation  as  given  by  the  two  surveying  procedures  is 
about  0.5  cm.  Rebound  points  3  and  5  are  located  directly 
under  footings  34  and  45  respectively  in  a  small  cavity. 

The  differences  in  elevation  by  the  two  procedures  are  0.3 
cm.  and  0.2  cm.  respectively.  These  errors  can  likely  be 
attributed  to  a  slight  variation  in  elevations  between  the 
September  13,  1969  heave  readings  and  the  September  30,  1969 
initial  settlement  readings.  Some  soil  intrusion  into  the 
small  cavity  at  the  base  of  the  footing  as  the  footing  is 
loaded  would  give  rise  to  additional  deviation.  Although 
the  overlap  at  these  three  locations  is  not  perfect  the 
relatively  small  differences  in  elevations  at  day  710  and 
the  parallelism  of  the  settlement  curves  after  day  650 
suggests  that  complete  continuity  of  foundation  displacements 


has  been  achieved. 
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Fig.  6.19  Overlap  of  Rebound  and  Settlement 

Measurements,  AGT  Tower 
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6 . 6  Piezometer  Observations 

The  piezometer  installed  directly  between  the  SS  and 
SN  core  footings  indicated  that  no  noticeable  excess  pore 
pressure  was  generated  in  the  bedrock  formation  at  the  ele¬ 
vation  of  the  piezometer  tip  throughout  construction  of  the 
AGT  Tower.  The  transducer  type  of  piezometer,  which  is  cap¬ 
able  of  measuring  small  changes  in  porewater  pressure, 
recorded  only  minor  fluctuations  in  water  pressure  as  shown 
in  Fig.  6.20.  These  fluctuations  did  not  exceed  +  2  feet 
of  head  from  the  average  for  the  construction  period. 

From  Fig.  6.20  it  is  apparent  that  there  is  little 
correlation  between  precipitation  and  fluctuations  in  water 
pressure.  This  is  perhaps  not  surprising  as  after  day  425 
the  entire  AGT  Tower  site  was  covered  by  the  construction 
of  the  first  floor  slab.  Much  of  the  surface  runoff  from 
the  vicinity  thereafter  was  likely  intercepted  by  the 
weeping  tile  installed  at  the  basement  elevation. 

There  is  some  evidence  that  the  2.66  inch  rainfall  at  about 
day  355  on  the  unprotected  site  did  register  at  the  piezo¬ 
meter  tip  as  approximately  2  feet  of  excess  head  10  days 
after  the  period  of  rainfall. 

The  absence  of  measurement  of  excess  pore  pressure 
can  be  attributed  to  the  following  causes. 

(a)  As  noted  earlier  in  Chapter  V,  there  is  evidence  that 
the  bedrock,  at  least  in  the  upper  portion,  is  exten¬ 
sively  shattered.  The  presence  of  fractures  in  this 
region  would  greatly  enhance  the  ability  of  the  bedrock 
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Fig.  6.20  Piezometric  Pressure  and  Precipitation  History, 
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mass  to  dissipate  excess  pore  pressure  by  virtue  of 
the  increased  permeab i 1 i ty  . 

(b)  The  proximity  of  the  Saskatchewan  Sands  and  Gravels 
and  an  underlying  thin  coal  seam  provide  an  upper  and 
lower  drainage  surface  within  nine  feet  of  the  piezo¬ 
meter  tip.  The  drainage  path  is  therefore  small  and 
excess  pore  pressure  can  dissipate  rapidly.  From  the 
section  drawn  in  Fig.  6.3  it  is  obvious  that  to  avoid 
the  proximity  of  coal  seams  the  piezometer  tip  would 
have  to  be  at  least  100  feet  below  the  building  founda¬ 
tion  elevation.  Deeper  boreholes  could  perhaps  indicate 
that  even  this  depth  is  insufficient. 

(c)  The  rate  of  load  application  during  construction  is  in¬ 
sufficient  to  generate  measurable  excess  pore  pressure. 

(d)  The  possibility  exists  that  the  upper  portion  of  the 
bedrock  is  not  fully  saturated  because  as  was  noted 
earlier  in  Chapter  V,  the  free  water  table  is  likely 
well  below  the  bedrock  surface. 

No  case  records  of  the  measurement  of  excess  pore  pressures 
in  the  Edmonton  bedrock  formation  due  to  surface  loading 
have  been  found. 

6 . 7  Mechanism  of  Settlement 

In  Chapter  V  it  was  shown  that  the  heave  phenomena 
due  to  excavation  at  the  AGT-Oxford  Complex  site  can  be 
attributed  almost  in  its  entirety  to  a  relatively  rapid 
elastic  response  of  the  foundation.  The  same  conclusion 
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can  be  drawn  from  the  settlement  response  of  the  underlying 
sand  and  bedrock  strata  to  loading  during  construction  of 
the  A6T  Tower.  This  is  shown  in  Figs.  6.21a  and  b  where 
the  contact  pressure  of  several  footings  are  plotted  versus 
the  settlement.  It  is  evident  fron  the  linearity  of  the 
plotted  data  in  Fig.  6.21a  that  the  settlement  of  the  mas¬ 
sive  interior  core  footings  is  directly  related  to  the  foot¬ 
ing  contact  pressure.  The  somewhat  flatter  slope  for  the 
exterior  footings  in  Fig.  6.21b  reflects  the  influence  of 
footing  geometry  and  relative  location  within  the  entire 
foundation  plan.  A  factor  here  also  is  the  time  dependent 
heave  noted  earlier  which  takes  place  initially  under  light 
footing  loads.  If  both  settlement  and  contact  pressure  were 
normalized  the  data  would  obviously  plot  on  or  near  to  the 
1:1  ratio  line  indicative  of  the  linearity  of  the  response. 

6 . 8  Analysis  of  Settlement  Data,  Oxford  Building 

The  solution  given  by  Steinbrenner  (1934)  for  the 
elastic  settlement  of  the  corner  of  a  rectangular  uniformly- 
loaded  area  located  on  the  surface  of  a  semi -i nf i ni te  solid 
was  used  to  determine  the  foundation  moduli  at  the  AGT-Oxford 
Complex  site.  The  method  of  analysis  as  well  as  the  applic¬ 
able  equations,  equations  2.1  and  2.2,  were  previously  given 
in  Chapter  II. 

In  the  case  of  the  Oxford  Building  the  date  at  which 
the  average  footing  pressure  first  exceeded  the  original 
overburden  pressure  was  August  15,  1968  which  corresponds 
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Fig.  6.21  Footing  Contact  Pressure 
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to  day  -26  on  the  numerical  time  scale  adopted  for  the 
entire  AGT-Oxford  Complex  project.  The  overburden  pressure 
of  4.3  ksf  was  computed  at  the  contact  elevation  of  the 
interior  core  footing.  With  the  footing  settlements  and 
loads  at  day  -26  as  a  reference,  the  settlement  and  load 
increments  prior  to  and  after  this  day  were  used  to  compute 
the  foundation  moduli. 

The  settlements  observed  at  the  Oxford  Building  were 
difficult  to  analyze  because  of  two  factors. 

(1)  The  elevations  of  the  footings  were  not  constant  but 
varied  between  2186.5  feet  at  the  south  end  of  the  build¬ 
ing  to  2205.0  feet  at  the  north  end.  This  meant  that 
for  some  footings  the  reference  average  footing  pres¬ 
sure  at  day  -26  was  above  and  for  others  below  the 
actual  original  overburden  pressures.  The  variation 
from  the  average  can  be  as  great  as  1.2  ksf. 

Another  aspect  of  concern  here  is  that  the  southern 
footings  are  in  till  but  only  a  few  feet  from  the  upper 
surface  of  the  Saskatchewan  Sands  and  Gravel  deposit 
whereas  the  distance  to  the  sand  deposit  is  consider¬ 
ably  greater  for  several  of  the  footings  located  at  the 
northern  end  of  the  Oxford  Building. 

(2)  The  settlements  at  the  Oxford  Building  after  September 
10,  1968  were  affected  by  the  40  foot  deep  AGT  excava¬ 
tion  immediately  adjacent  to  the  south.  Correction  of 
these  readings  for  heave  is  difficult  as  the  Oxford 
Building  is  outside  the  excavation  perimeter  and  is 
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located  at  the  corner  of  the  excavation  area  where 
boundary  restraint  is  maximum. 

The  first  factor  represents  a  deviation  from  the  assump¬ 
tion  of  loading  on  a  semi-infinite  plane.  For  the  purpose 
of  this  analysis  the  variation  in  footing  elevation  was  not 
taken  into  account.  The  second  factor,  the  fluctuation  of 
settlement  due  to  an  external  influence,  can  be  taken  into 
account  with  application  of  appropriate  heave  corrections  to 
the  settlement  data. 

The  corrections  applied  to  the  settlement  data  taken 
after  September  10,  1968  were  computed  using  the  foundation 
moduli  derived  from  the  rebound  data  and  the  Steinbrenner 
computer  solution  described  in  Chapter  V.  The  heaves  were 
calculated  at  specific  locations  at  the  Oxford  Building  and 
varied  in  accordance  with  the  changing  size  of  the  excavation 
as  construction  progressed.  Adjustments  were  made  to  the 
calculated  heaves  by  means  of  the  procedures  outlined  in 
Chapter  V  for  points  located  outside  the  excavation  area. 

The  application  of  corrections  to  the  footing  displace¬ 
ments  observed  at  the  Oxford  Building  after  September  10, 

1968  resulted  in  four  types  of  settlement  data. 

Type  I  -  Corrected  settlements  using  adjusted  com¬ 
puted  heave  values  . 

Type  II  -  Corrected  settlements  using  adjusted  com¬ 
puted  heave  values;  the  adjustment  different 
from  that  of  settlement  Type  I. 

Type  III  -  Corrected  settlements  using  the  heaves  com- 
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puted  from  the  Steinbrenner  solution  with 
no  adjustment. 

Type  IV  -  Uncorrected  settlements. 

By  means  of  these  four  settlement  data  types  the  affect 
of  heave  at  the  Oxford  Building  was  bounded  the  minimum  and 
maximum  amount  by  the  application  respectively  of  no  correc¬ 
tion  and  an  unadjusted  correction.  Settlement  data  Types  I 
and  II  represent  two  intermediate  cases.  Fig.  6.22  shows 
the  typical  heave  corrections  and  the  resultant  north-south 
settlement  profiles  through  the  Oxford  Building  for  the 
settlements  observed  on  day  46,  October  25,  1968.  Since 
settlements  were  recorded  at  28  locations,  five  diagrams 
similar  to  Fig.  6.22  were  required  to  correct  a  single  settle¬ 
ment  data  set. 

The  uncorrected  settlement  profile.  Type  IV,  in  Fig. 
6.22b  clearly  shows  the  effect  of  heave  at  footings  2  and  9 
located  at  the  south  end  of  the  symmetrical  Oxford  Building. 
Settlement  profile  Type  III  infers  that  0.17  inches  of  heave 
occurred  at  footing  27,  170  feet  from  the  AGT  excavation. 

This  is  excessive  in  light  of  the  small  rebounds  observed 
at  the  Alberta  College  buildings,  described  earlier  in 
Chapter  V . 

Settlement  profile  Type  II  represents  a  linear  varia¬ 
tion  between  profiles  Type  IV  and  Type  III  by  assuming  the 
heave  at  footing  27  as  zero  and  the  heave  at  footing  2  as 
equal  to  the  unadjusted  value  computed  by  the  Steinbrenner 
computer  solution.  The  Type  II  settlement  profile  seems  to 
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indicate  that  the  applied  heave  correction  is  perhaps  too 
severe  as  the  resulting  settlement  at  the  south  end  of  the 
building  is  considerably  greater  than  at  the  north  end. 

The  Type  I  settlement  profile  appears  to  be  more  rea¬ 
sonable.  No  heave  is  assumed  to  take  place  at  footing  27 
and  the  balance  of  the  profile  appears  to  be  approximately 
symmetrical  about  the  east-west  center  line  of  the  Oxford 
Building.  The  slightly  greater  settlement  at  footing  27  as 
compared  with  that  measured  at  footing  2  can  probably  be 
attributed  to  the  resistance  to  bending  offered  by  the  strip 
footing  and  basement  wall  located  at  the  south  end  of  the 
building. 

The  difficulty  in  analysis  of  the  settlement  data  is 
apparent  in  Fig.  6.22b  where  some  of  the  heave  corrections 
exceed  the  measured  footing  settlements.  The  fact  that 
heave  corrections  must  be  applied  to  the  data  is  apparent 
in  Fig.  6.23  where  the  histograms  of  the  computed  foundation 
moduli  are  given  as  derived  from  the  four  settlement  data 
types  for  the  October  25,  1968  settlement  set.  The  histogram 
of  Fig.  6.23d  indicates  that  there  is  little  relationship 
between  the  uncorrected  measured  settlements,  Type  IV,  and 
f ooti n g  1 oads  . 

The  foundation  moduli  computed  from  settlements  ob¬ 
served  at  the  Oxford  Building  at  28  locations  between  April 
2,  1968  to  November  4,  1969  are  shown  in  Figs.  6.24  a,  b,  c 
and  d.  The  reference  datum  used  in  the  computations  is  the 
August  15,  1968  settlement  and  load  set.  The  plotted  standard 
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deviations  indicate  the  variation  in  the  derived  moduli. 

Two  derived  moduli,  computed  from  settlements  observed  at 
the  start  and  finish  of  the  29  day  strike,  are  given  at  the 
average  footing  contact  pressure  of  6.3  ksf  and  represent 
the  variation  due  to  time  dependent  settlement. 

A  composite  diagram  of  the  variation  of  moduli  with 
footing  contact  pressure  for  the  4  settlement  data  types  is 
given  in  Fig.  6.25.  Since  the  Oxford  Building  is  adjacent 
to  the  AGT  Tower,  an  indication  of  the  computed  foundation 
moduli  obtained  from  settlement  observations  in  this  latter 
building  are  given  for  comparison.  From  the  data  shown  and 
the  previous  discussion  of  settlement  profiles  it  would 
appear  that  the  curves  for  settlement  data  Types  I  and  II 
are  most  representative  of  the  variation  of  foundation  modu¬ 
lus  with  footing  contact  pressure.  The  curve  labelled  I 
implies  that  recompression  of  the  foundation  to  the  original 
overburden  pressure  takes  place  at  a  relatively  constant 
foundation  modulus  of  about  65,000  psi  with  subsequent  load¬ 
ing  resulting  in  settlement  which  takes  place  with  a  pro¬ 
gressively  decreasing  modulus  of  deformation. 

6 . 9  Analysis  of  Settlement  Data,  AGT  Tower 

The  AGT  Tower  footings  were  all  located  at  approximately 
the  same  elevation  with  deviation  from  the  average  less  than 
+  2  1/2  feet.  The  average  footing  pressure  of  5.8  ksf  approxi¬ 
mately  represents  the  original  average  overburden  pressure 
over  the  site  on  August  26,  1970;  day  714.  The  settlements 
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Fig.  6.25  Variation  of  Derived  Moduli  With  Footing 
Contact  Pressure,  Oxford  Building 
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and  loads  at  this  day  were  used  as  the  reference  datum  for 
computing  the  foundation  moduli.  The  settlements  observed 
at  the  exterior  columns  were  not  corrected  for  time  depen¬ 
dent  heave  as  this  effect  became  negligible  at  higher  foot¬ 
ing  loads  as  indicated  earlier  in  Fig.  6.21.  The  procedure 
for  the  derivation  of  foundation  moduli  is  therefore  identi¬ 
cal  to  that  outlined  in  Chapter  II  for  the  CN  Tower. 

Typical  histograms  of  foundation  moduli  obtained  from 
settlements  observed  on  the  AGT  Tower  core  and  exterior 
column  footings  are  given  in  Fig.  6.26.  The  precision  used 
in  the  measurement  of  settlements  and  tabulation  of  load  data 
throughout  the  entire  construction  period  is  evident  in  the 
small  standard  deviation  of  the  derived  moduli. 

The  moduli  obtained  from  the  analysis  of  the  entire 
settlement  and  load  record  up  to  day  741,  September  22,  1970 
are  given  in  Fig.  6.27.  The  data  indicate  that  the  settlement 
response  of  the  massive  interior  core,  founded  on  the  15 
foot  sand  deposit  and  the  underlying  over-consolidated  bed¬ 
rock  formation,  is  in  accordance  with  a  virtually  constant 
modulus  of  deformation  of  about  42,000  psi.  The  modulus  of 
50,000  psi  obtained  from  "total"  rebound  observations  at 
the  AGT  excavation  is  given  in  Fig.  6.27  for  comparison. 

As  evident,  the  agreement  is  good.  This  suggests  that  the 
monitoring  of  heave  displacements  during  excavation  is  an 
appropriate  method  for  determining  the  deformation  modulus 
of  an  over-consolidated  foundation  soil  for  which  previous 
construction  experience  is  lacking. 
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Moduli  ExlO”3psi  Moduli  Ex10"3  psi 


Mean  =  55,300  psi 
Std.Dev.=  -6,300  psi 


=  42,000  psi 
=  t  1,900  psi 


Fig. 6.26  Typical  Histograms  of  Derived 

Moduli,  AGT  Tower 
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Fig.  6.27  Variation  of  Derived  Moduli  With 

Footing  Contact  Pressure,  AGT  Tower 
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d 


233 


At  footing  pressures  greater  than  the  previous  equili¬ 
brium  overburden  pressure  the  foundation  modulus  begins  to 
decrease  and  at  a  footing  contact  pressure  of  7.3  ksf  equals 
34,000  psi.  The  effect  of  time  dependent  heave  on  the  settle¬ 
ment  of  the  smaller  exterior  column  footings  at  light  loads 
is  made  evident  by  the  higher  derived  moduli.  As  footing 
contact  pressures  increase  the  computed  modulus  of  founda¬ 
tion  deformation  decreases  and  at  the  original  overburden 
pressure  approximately  equals  the  value  given  by  the  core 
settlement  data  of  42,000  psi. 

6.10  Comparison  Laboratory  and  Empirical  Moduli 

The  modulus  of  deformation  of  the  foundation  at  the 
AGT-Oxford  Complex  site  is  about  34,000  psi  for  footing  con¬ 
tact  pressures  in  excess  of  the  original  overburden  pressure. 
Although  applicable  primarily  to  the  Saskatchewan  Sand 
deposit  and  the  bedrock  formation,  the  ratio  of  field  to 
laboratory  moduli  is  given  for  4  foundation  soils  in  Table 
6.1  because  the  Oxford  Building  is  partially  founded  on  the 
overlying  till  stratum.  The  laboratory  moduli  used  in  the 
comparison  are  the  largest  derived  for  the  soil  and  test 
types  quoted. 

The  variation  between  laboratory  and  field  moduli  is 
large.  As  has  been  noted  in  Chapters  II  and  V  the  use  of 
laboratory  moduli  would  lead  to  a  large  over  estimate  of 
field  displacements.  The  tests  run  on  Saskatchewan  Sands 
are  the  only  exception  as  the  laboratory  moduli  exceeded  the 
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TABLE  6.1 

COMPARISON  FIELD  AND  LABORATORY  MODULI 


Empirically  derived  field  modulus  is  34,000  psi 

Soil  Type  Laboratory  Laboratory  Ratio  Field 

Modulus  Test  to  Laboratory 

ps  i 


Till 

2,022 

Oedome ter 

17.0 

9  ,100 

U  nconf i ned 
Compress i on 

3.7 

Bedrock 

(Mudstone) 

3,500 

Unconfined 
Compress  ion 

9.7 

3,410 

Oedome ter 

10.0 

(Sands  tone ) 

8,000 

Unconf i ned 
Compression 

4.3 

2,090 

Oedome  ter 

16.3 

14,800 

Consol i dated 
Undrained 

T  r  i  a  x  i  a  1 

2.3 

5,000 

Consol idated 
Drained 

6.8 

Saskatchewan 

Sands 

31  ,000 

Consol i dated 

Drai ned 

1.1 

36,700 

Consolidated 
Undrai ned* 

Phase  II, 

Cycle  1 

.9 

47,400 

Phase  II, 

Cycle  2 

.7 

100,000 

Phase  III, 

Cycle  1 

.3 

21  ,000 

Phase  IV, 

Cycle  1 

1  .6 

* 


See  Fig.  5.5  for  reference. 
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field  values  in  several  instances.  The  discussion  relating 
to  this  observation  was  given  earlier  in  Section  5.12  and 
is  applicable  here  as  well. 

6.11  Procedure  for  Estimating  Settlements  from  Empirical  Data 

For  buildings  founded  on  the  Saskatchewan  Sands  deposit 
and  the  underlying  bedrock  formation  the  empirical  foundation 
moduli  obtained  from  the  A6T  Tower  can  be  used  directly  for 
computation  of  the  expected  settlements.  The  procedure  is 
virtually  identical  to  that  outlined  previously  for  till  in 
Chapter  II,  Section  2.11,  with  the  exception  that  the  founda¬ 
tion  moduli  used  are  those  given  in  Fig.  6.27. 

For  structures  located  in  excavations  of  the  same  size 
as  the  gross  area  of  the  building  the  foundation  modulus  of 
42,000  psi  can  be  used  to  compute  the  recompression  settle¬ 
ment  to  the  original  overburden  pressure  for  all  footings 
within  the  excavation. 

If  the  structure  is  located  within  a  significantly 
larger  excavation  some  judgment  must  be  used.  For  example, 
the  recompression  settlement  of  rapidly  loaded  massive  core 
footings  can  be  computed  using  a  deformation  modulus  of 
about  42,000  psi.  However,  relatively  lightly  loaded  and 
smaller  isolated  footings  may  be  subjected  to  time  dependent 
heave  and  will  settle  with  an  "apparent"  recompression  modu¬ 
lus  which  varies  as  shown  in  Fig.  6.27.  The  choice  of 
foundation  modulus  from  the  diagram  of  Fig.  6.27  for  exterior 
footings  should  be  made  in  conjunction  with  the  choice  of  a 
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heave  modulus  required  in  calculating  excavation  rebound 
by  the  procedure  outlined  in  Chapter  V.  In  this  manner  cog¬ 
nizance  is  taken  of  the  sequence  and  rate  at  which  con¬ 
struction  progresses  from  excavation  to  erection  of  the 
structure. 

For  footing  contact  pressures  greater  than  the  original 
overburden  pressure  settlements  will  take  place  with  a  de¬ 
creasing  deformation  modulus  as  shown  in  Fig.  6.27.  At  1.5 
ksf  in  excess  of  overburden  pressure  the  approximate  modulus 
of  deformation  is  34,000  psi.  Using  the  footing  loads 
corresponding  to  the  overburden  pressure  as  a  reference 
datum,  both  the  recompression  settlement  and  the  settlement 
at  contact  pressures  exceeding  the  overburden  pressure  can 
be  calculated  using  the  computer  program  given  in  Appendix  E. 

If  footing  loads  are  given  simply  as  a  load  increment  it  may 
be  more  convenient  to  use  the  computer  program  given  in 
Appendix  H  where  the  reference  loading  is  assumed  to  equal 
zero . 

The  moduli  of  deformation  presented  in  this  chapter 
were  derived  by  assuming  Poisson's  ratio  equal  to  0.4.  This 
was  considered  to  be  a  reasonable  value  for  the  sand  deposit 
and  the  underlying  bedrock  formation  as  the  settlements  re¬ 
present  relatively  drained  phenomena  wherein  some  volume  change 
undoubtedly  takes  place.  Poisson's  ratio  of  y  =  0.5  is  there¬ 
fore  inadmissible.  The  use  of  Poisson's  ratio  y  =  0.3  would 
yield  moduli  only  8  per  cent  different  from  those  computed 

9 

with  y  =  0.4.  Since  the  quantity  (1-y  )/E  is  constant  for 
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a  specified  settlement  data  set,  a  choice  of  y  =  0.3  in  the 
derivation  of  field  moduli  would  yield  identical  settlements 
to  those  predicted  with  y  =  0.4  and  the  moduli  given  in  this 
chapter . 

Although  the  available  settlement  data  on  the  AGT 
Tower  and  Oxford  Building  are  inadequate  for  estimating  the 
long  term  movements  at  constant  load,  the  time  dependent 
heaves  experienced  at  the  AGT  site  suggest  that  at  the  com¬ 
pletion  of  construction  and  full  occupancy  at  least  75%  of 
the  total  settlement  will  have  taken  place.  The  accuracy  of 
this  estimate  can  only  be  assessed  when  additional  settlement 
readings  are  obtained  at  the  AGT  Tower  and  Oxford  Building 
in  the  near  future. 

6.12  General  Observations  and  Summary 

Work  by  Gibson  (1967)  showed  that  the  surface  displace¬ 
ments  of  a  loaded  elastic  half-space  are  appreciably  altered 
from  the  simpler  homogeneous  case  when  the  modulus  of  elas¬ 
ticity  is  increased  with  depth.  For  an  incompressible 
medium  Gibson  indicated  that  the  settlements  of  the  surface 
are  concentrated  under  the  loaded  area.  Surface  displace¬ 
ments  at  distances  away  from  the  loaded  area  will  be  much 
smaller  than  those  predicted  for  a  homogeneous  half-space. 
With  an  increasing  modulus  of  elasticity  with  depth,  the 
surface  settlements  were  also  found  to  be  directly  propor¬ 
tional  to  footing  pressure  and  independent  of  footing  size. 

The  field  data  presented  in  this  thesis  indicates 
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that  non -homogenei ty  is  evident  but  does  not  dominate  the 
settlement  behaviour  of  the  foundation  soil.  The  evidence 
for  this  is  as  follows. 

(a)  The  deep  benchmark  at  the  CN  Tower  did  not  appear  to 

be  influenced  by  the  building  footing  loads  even  though 
it  was  in  the  Boussinesq  pressure  bulb  as  mentioned  in 
Chapter  II.  This  observation  can  be  attributed  to  in¬ 
creasing  rigidity  of  the  foundation  with  depth  as  this 
tends  to  reduce  the  settlement  of  depth  beneath  the 
loaded  area. 

(b)  The  influence  of  excavation  on  heave  decreased  more 
rapidly  with  distance  away  from  the  excavated  area  than 
predicted  by  the  Steinbrenner  solution.  This  also  points 
to  some  non -homogenei ty . 

(c)  As  shown  in  this  chapter,  the  AGT  Tower  core  footings 
settled  more  than  the  exterior  column  footings.  The 
smaller  settlement  at  peripheral  core  footings  was  less 
than  that  which  could  be  attributed  by  elastic  theory 
to  relative  footing  sizes,  locations  and  loadings  and 
is  therefore  further  evidence  of  some  non -homogenei ty 
of  the  foundation  soil. 

From  observation  of  the  settlement  response  of  the  AGT 
Tower  and  the  Oxford  Building  there  are  several  implications 
of  importance  to  construction  practice  and  design. 

(a)  When  a  heavily  loaded  tower  area  is  surrounded  by  a 

lightly  loaded  building,  both  within  the  same  excavation, 
the  differential  displacements  between  the  two  may  be 
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intolerable  and  provision  must  be  made  to  prevent  struc¬ 
tural  di  stress  .  At  the  AGT  Tower  the  differential  between 
the  exterior  tower  columns  and  the  surrounding  parking 
garage  is  about  1  cm.  to  September  22,  1970  and  will 
likely  be  greater  at  full  occupancy  of  the  building. 

The  differential  between  the  two  structures  in  this  case 
is  not  critical  as  a  simply  supported  floating  slab 
allows  this  movement. 

(b)  Whenever  practical,  the  application  of  load  should  be 
relatively  uniform  to  all  loading  areas  during  construc¬ 
tion.  At  the  AGT  Tower  an  initially  lighter  loading 
was  induced  at  the  exterior  footings  due  to  the  absence 
of  exterior  precast  concrete  cladding  until  construction 
of  the  structural  frame  had  progressed  to  about  the  12th 
floor.  Excessive  delay  in  placing  precast  of  this  type 
tends  to  accentuate  differential  settlement  between  the 
interior  core  and  the  exterior  column  line.  It  is 
therefore  desirable  to  have  the  height  of  precast  appli¬ 
cation  follow  the  construction  of  the  upper  floors  as 
closely  as  possible.  Needless  to  say,  any  heavy  exterior 
precast  cladding  should  be  placed  around  the  structure 

at  a  uniform  storey  height  if  possible,  to  prevent 
excessive  loading  of  one  side  of  a  building. 

(c)  Provided  the  standard  deviation  of  the  field  moduli  cal¬ 
culated  from  the  settlement  response  observed  on  proto¬ 
type  buildings  is  small,  it  now  becomes  possible  to 
"tune"  the  foundation;  that  is,  to  adjust  footing  sizes 
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such  that  the  differential  displacements  become  minimal. 
This  can  easily  be  accomplished  with  the  computer  pro¬ 
grams  given  in  Appendix  G  for  the  heave  response  of  the 
excavation  and  in  Appendix  E  or  Appendix  H  for  building 
sett 1 emen t . 

(d)  From  the  point  of  view  of  accurate  settlement  prediction, 
a  spread  footing  foundation  plan  where  footings  vary 
widely  in  elevation  is  less  tractable  to  analysis. 

The  important  aspects  of  the  analysis  presented  in 

this  chapter  are  summarized  below. 

(a)  The  settlement  response  of  the  Saskatchewan  Sands  deposit 
and  the  underlying  over-consolidated  bedrock  formation 

to  loading  is  rapid.  Settlements  during  construction 
can  be  predicted  for  all  practical  purposes  by  means  of 
elastic  theory  as  the  time  dependent  response  of  the 
foundation  soil  during  this  period  appears  to  be  small. 

(b)  The  derived  moduli  of  the  sand  deposit  and  bedrock  forma¬ 
tion  possess  a  modulus  of  deformation  which  is  virtually 
constant  at  footing  pressures  less  than  the  overburden 
pressure.  At  greater  pressures  the  deformation  modulus 
decreases  and  therefore  appears  to  be  stress  dependent. 

(c)  The  elastic  properties  as  determined  in  conventional 
laboratory  tests  deviate  appreciably  with  test  type  and 
sample  quality  and  are  unsuitable  for  use  in  settlement 
prediction.  There  is  evidence  that  carefully  run  cyclic 
loading  tests  may  yield  laboratory  moduli  which  approxi¬ 
mate  those  calculated  from  settlement  observations. 
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(d)  Time  dependent  heave  of  lightly  loaded  areas  which 
surround  a  heavily  loaded  interior  area  will  accentuate 
differential  displacements  between  the  two.  This  was 
implied  earlier  in  the  discussion  of  heave  phenomena 
given  in  Chapter  V  and  is  confirmed  from  settlement 
observations  reported  in  this  chapter. 

(e)  No  excess  pore  pressure  was  measured  in  the  bedrock 
formation  as  a  result  of  the  application  of  a  surcharge 
in  the  form  of  a  building.  This  can  be  attributed  to 
the  depth  of  the  water  table,  permeability  of  the  bed¬ 
rock  mass  and  s trati graphi c  detail  which  provides  local 
drainage  surfaces. 
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CHAPTER  VII 


CONCLUSIONS  AND  SUGGESTIONS  FOR 
FURTHER  RESEARCH 


7 . 1  Conclusions 

The  analysis  and  discussion  presented  in  the  preceding 
chapters  have  dealt  with  two  research  topics.  The  first  is 
the  settlement  behaviour  of  multi-storey  buildings  founded 
on  over-consolidated  soils.  The  second  topic  is  the  influ¬ 
ence  of  the  interaction  of  foundation  displacements  and 
structural  frame  distortions  on  settlement  and  structural 
analysis.  Only  the  more  important  conclusions  which  relate 
to  these  two  aspects  of  the  research  work  will  be  given  here 
to  avoid  repetition  of  detail  particular  to  a  specific  build¬ 
ing  or  site. 

The  foundation  contact  pressures  varied  considerably 
for  the  four  buildings  studied  from  a  low  of  about  7  ksf  at 
the  Oxford  Building  to  a  maximum  of  about  26  ksf  calculated 
for  one  pile  base  at  the  Avord  Arms.  With  allowable  angular 
distortions  noted  in  the  literature  as  the  criteria  of 
acceptance,  no  observed  differential  settlements  were  found 
to  be  excessive.  All  the  measured  total  settlements  were 
relatively  small  in  comparison  with  those  usually  observed 
for  deep  deposits  of  normally-consolidated  soils  subjected 
to  similar  loads. 

The  proximity  of  end  bearing  Franki  piles  at  the  Avord 
Arms  to  the  spread  footings  at  the  CN  Tower,  both  on  the 
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same  till  stratum,  allowed  comparison  of  the  settlement  be¬ 
haviour  of  the  two  foundation  types.  It  was  shown  that  for 
identical  contact  pressures  in  excess  of  the  original  over¬ 
burden  pressure,  the  settlement  behaviour  of  piles  and  spread 
footings  is  approximately  the  same  and  is  solely  a  function 
of  the  deformation  properties  of  the  till  for  that  increment 
of  contact  pressure. 

The  settlement  during  construction  of  the  Avord  Arms 
and  the  CN  Tower  is  known  to  dominate  the  settlement  history 
of  these  two  buildings  and  constitutes  about  75  per  cent  of 
the  25  year  settlement.  The  construction  displacements  of 
buildings  founded  on  this  till  stratum  can  be  computed  using 
the  equations  of  the  theory  of  elasticity  and  the  deformation 
moduli  deduced  in  this  thesis.  The  relationship  found  for 
the  variation  of  derived  moduli  with  footing  contact  pres¬ 
sure  indicates  that  the  deformation  properties  of  the  till 
are  stress  dependent. 

In  contrast  to  the  recompression  modulus  of  till  which 
varies  appreciably  with  footing  contact  pressure,  the  re¬ 
compression  modulus  of  the  Saskatchewan  Sand  and  Gravels 
and  tne  underlying  over-consolidated  bedrock  formation  at 
the  AGT-Oxford  Complex  site  is  essentially  constant  at  42,000 
psi.  However,  at  footing  pressures  in  excess  of  the  original 
overburden  pressure,  the  derived  moduli  also  begin  to  decrease 
indicating  stress  dependence.  The  foundation  moduli  derived 
from  heave  measurements  at  the  same  site  are  shown  to  be 
consistent  with  those  obtained  from  settlement  observations. 
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The  deformation  moduli  obtained  from  conventional  laboratory 
tests  proved  to  be  unreliable  when  compared  to  the  field 
moduli.  The  ratios  of  field  to  laboratory  moduli  are  large 
indicating  that  the  use  of  laboratory  moduli  will  lead  to 
gross  over-estimates  of  settlement. 

At  the  overburden  pressure  the  modulus  of  deformation 
of  the  till  is  about  100,000  psi  which  is  appreciably  greater 
than  that  obtained  for  the  combined  sand  deposit  and  bedrock 
formation.  This  contrast  was  not  recognized  at  the  time 
settlements  were  predicted  for  the  AGT-Oxford  Complex  and 
is  therefore  of  considerable  interest. 

The  heave  of  the  sand  deposit  and  the  underlying  bed¬ 
rock  formation  takes  place  rapidly  and  can  be  estimated  for 
excavations  at  other  sites  in  Edmonton.  The  displacements 
can  be  computed  using  elastic  theory  and  the  parameters  given 
for  the  over-consolidated  soils  in  Chapter  V.  For  computa¬ 
tion  of  heave  outside  the  excavation,  approximate  procedures 
can  be  used  to  allow  for  the  effect  of  boundary  restraint. 

The  role  of  site  investigation  for  the  purpose  of 
settlement  prediction  of  buildings  founded  on  the  over¬ 
consolidated  till,  sand  deposit  and  bedrock  formation  must 
be  modified.  The  practice  of  sampling  and  identification 
of  soil  stratigraphy  should  be  extended  to  include  in-situ 
testing  such  as  plate  bearing  tests.  As  well,  good  samples 
should  be  obtained  at  the  sites  and  should  be  subjected  in 
the  laboratory  to  the  appropriate  tests  run  at  stresses  re¬ 
presentative  of  those  which  occur  in  the  field.  Although 
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monitoring  of  heave  during  excavation  can  be  useful  to  deter¬ 
mine  foundation  moduli,  this  procedure  should  only  be  used 
for  verification  of  field  parameters  as  it  is  likely  to  be 
impractical  from  the  viewpoint  of  scheduling  foundation 
design  and  construction. 

The  four  multi-storey  structures  discussed  here  varied 
in  rigidity;  the  most  inflexible  building  is  thought  to  be 
the  CN  Tower.  Analysis  of  the  effect  of  relatively  small 
differential  footing  displacements  on  the  structural  frame 
of  this  building  has  shown  that  support  loads  are  altered  by 
as  much  as  44  per  cent  at  the  end  of  construction  as  a  result 
of  red i s tri bu ti on  caused  by  frame  distortion.  It  has  been 
shown  that  when  the  construction  settlement  dominates  the 
settlement  history  of  a  building,  the  procedures  for  computa¬ 
tion  of  interaction  effects  must  allow  variation  of  structural 
rigidity  during  construction  if  the  results  are  to  be  meaning¬ 
ful.  "Conventional"  methods  of  computing  soi 1 -structure 
interaction  effects,  which  utilize  the  entire  building  in 
analysis  and  generally  preclude  differential  displacements 
during  construction,  were  found  to  be  inadequate  and  yielded 
totally  different  support  reactions.  The  new  incremental 
method  of  soi 1 -structure  interaction  analysis  presented  in 
this  thesis  allows  variation  of  structural  rigidity  during 
construction  and  is  a  considerable  improvement  over  "conven¬ 
tional"  techniques.  Buildings  of  moderate  rigidity  and 
founded  on  soils  which  are  conducive  to  differential  con¬ 
struction  settlements,  should  be  analyzed  using  incremental 
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soi 1 -structure  interaction  techniques.  The  incremental 
procedure  in  design  practice  will  be  useful  in  order  to 
assess  the  probability  of  incipient  structural  distress  of 
individual  members  within  the  distorted  structural  space 
frame . 

7 . 2  Suggestions  for  Further  Research 

From  the  work  described  in  this  thesis  it  appears  that 
there  are  several  subjects  for  which  further  research  is 
appropriate.  These  are: 

(a)  the  precise  determination  of  heave  with  distance  away 
from  an  excavation  boundary.  This  subject  is  of  con¬ 
siderable  interest  (Peck,  1969)  and  will  allow  evalua¬ 
tion  of  the  accuracy  of  the  approximate  procedure  pre¬ 
sented  in  Chapter  V. 

(b)  the  measurement  of  rebound  with  depth.  At  the  AGT  site 
only  two  rebound  points  were  horizontally  coincident 

and  further  examination  of  the  depth  affected  in  relation 
to  the  depth  of  excavation  would  be  desirable. 

(c)  The  evaluation  of  in-situ  tests  for  determination  of 
field  deformation  moduli  for  sites  where  previous  experi¬ 
ence  is  lacking.  Since  the  settlement  behaviour  of 
prototype  buildings  on  the  till  deposit  or  sand  stratum 
and  bedrock  formation  are  now  known,  an  investigation 

of  the  suitability  of  plate  bearing  and  pressuremeter 
tests  on  these  soils  will  be  of  great  value. 

(d)  the  correlation  of  laboratory  deformation  moduli  with 
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field  moduli.  The  relevance  of  cyclic  consolidated 
drained  tests,  or  other  tests,  run  on  till  and  bedrock 
should  be  investigated.  This  program  should  be  exten¬ 
sive  and  include  testing  of  specimens  obtained  at  differ¬ 
ent  depths  by  pitcher  tube  sampling,  block  sampling  or 
other  means. 

(e)  the  combination  of  the  analysis  of  structural  stiffness 
with  the  incremental  soi 1 -s true ture  interaction  program. 
Presently  structural  stiffness,  in  terms  of  reaction 
coefficients,  must  be  assessed  by  say  ICES-STRUDL  and 
converted  to  cards  for  use  in  the  interaction  solution. 
This  step  can  be  tedious  for  mu  1 1 i -f oo ti n g  structures 
and  should  be  eliminated. 
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APPENDIX  B 


TYPICAL  BOREHOLE  LOGS 
AGT -OXFORD  COMPLEX  SITE 


Note  -  The  typical  borehole  logs  presented  in  this  Appendix 
were  selected  to  provide  a  distribution  of  the  drill¬ 
ing  record  over  the  entire  AGT-Oxford  Complex  site. 
These  logs  have  been  printed  directly  from  the  drill¬ 
ing  technicians  notes  and  therefore  include  some 
errors  in  description  (e.g.,  clay  stratum  under  sandy 
clay  till,  page  B - 1 8 ) .  The  logs  were  not  used  in 
this  thesis  except  to  provide  a  broad  definition  of 
stratigraphic  units  and  interface  elevations. 
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INTERACTION  CHART  -  RESULTS  OF  THE 
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NON-INCREMENTAL  PROCEDURE 


Date 

No.  of  Storeys 

Trial  No. 

Oct.  28,  1965 

26  +  Roof 

7 

Total 

Load  Transfer 
as  Percent 
of  Basic 
Loads 

Feb.  25,  1970 

26  +  Roof 

8 

Total 

Load  Transfer 
as  Percent 
of  Basic 
Loads 

Column 

kips 

% 

kips 

% 

1 

-1028 

-21.1 

-2288 

-46.9 

2 

+  1953 

+  26.1 

+  2237 

+  29.9 

3 

-2666 

-35.7 

-4339 

-58.1 

4 

-887 

-18.2 

+354 

+7.3 

5 

+  1526 

+  29.3 

+761 

+  14.6 

6 

-1801 

-40.5 

+817 

+  18.4 

7 

+  2533 

+  56.9 

+  1493 

+33.6 

8 

+692 

+  13.3 

+  1745 

+33.5 

9 

+3  6 

+0.6 

+82 

+  1.5 

10 

-1304 

-23.3 

-102 

-1  .8 

11 

+392 

+7.2 

+  282 

+  5.2 

12 

-545 

-10.5 

-1318 

-25.3 

13 

-923 

-20.5 

-640 

-14.2 

14 

-1286 

-28.6 

-1839 

-40.9 

15 

-560 

-10.8 

-64 

-1.2 

16 

+  552 

+  12.9 

+  537 

+  12.5 

17 

+  1265 

+  22.4 

+  6 

+  0.1 

18 

+  275 

+  5.9 

+  679 

+  14.6 

19 

-964 

-20.8 

-506 

-10.9 

20 

+  1412 

+32.9 

+  1683 

+39.3 

21  Core 

+  1332 

+  4.6 

+  419 

+  1  .5 
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SETTLEMENT  DATA 
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Oct . 
Nov . 
Ma  r . 
Apr . 
May 
June 
No  v . 


J  une 
July 
Aug  . 
Oct . 
Mar . 


Benchmark  Control 
AGT-Oxford  Complex 


Da  te 

Elevation 
Di f feren  ce 

cm . 

.  10, 

1968 

40.7 

18, 

1968 

40.3 

12, 

1968 

40.6 

4, 

1969 

40.5 

9, 

1969 

40.7 

8, 

1969 

40.6 

17, 

1969 

40.7 

4, 

1969 

40.8 

Date 

Elevation 
Di  f  ference 
ft. 

23, 

1969 

37.576 

26, 

1969 

37.572 

18, 

1969 

37.556 

25, 

1969 

37.580 

16, 

1970 

37.578 

DBM  #1  is  higher  than 
BM  #3  by  these  eleva¬ 
tion  differences  - 
Estimated  survey  accur¬ 
acy  in  this  traverse  is 
+  0.2  cm. 


DBM  #2  is  lower  than 
DBM  #1  by  these  eleva¬ 
tion  differences  - 
Estimated  survey  accur¬ 
acy  in  this  traverse  is 
+  0.010  ft. 
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APPENDIX  E 

ELASTIC  SETTLEMENTS  OF  UNIFORMLY  LOADED 
RECTANGULAR  FOOTINGS  ON  A  HOMOGENEOUS, 
ISOTROPIC,  SEMI-INFINITE  BODY 
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Solution  Description 

The  solution  presented  here  is  based  on  the  standard 
equations  of  elasticity  for  the  settlement  of  a  corner  of 
a  rectangular,  flexible,  uniformly  loaded  area.  The  soil 
medium  is  considered  to  be  a  homogeneous,  isotropic,  semi¬ 
infinite  mass.  Superposition  techniques  are  used  to  enable 
computation  of  settlements  at  footing  centroids  due  to  multi¬ 
ple  footing  foundation  systems. 

The  settlement  of  a  specific  point  k  due  to  N  rectangular 
areas,  each  with  a  different  uniform  load,  is  given  by  the 
equation 


A 


k 


(l-y2) 

E 


j  =  N 


i  =4 

Bi  j  k 1 A i  j  k 


1 


where 


y 

E 


B  .  . . 

1  j  k 

1 A  i  j  k 


Settlement  of  point  k 
Poisson's  ratio 
Young  1  s  modu 1  us 

Contact  pressure  of  the  jth  footing 

Short  dimension  of  a  rectangular  area 

Influence  value  which  is  a  function  of  the 
ratio  of  the  long  to  short  dimensions  of  a 
rectangular  area. 


The  expression 


E-2 


1=4 

BijkIAijk 


2 


represents  the  contribution  of  footing  j  to  the  settlement 
at  point  k.  Repetition  of  four  such  calculations  are  neces¬ 
sary  for  superposition. 

The  influence  value  for  the  settlement  of  a  corner  of 
a  single  rectangle  is  given  by 


+  ln(*  +  A^TT)} 


I.  =  1  U  In 

A  7T 


3 


where  l  denotes  the  ratio  of  length  to  width,  j=-  ,  for  the 


rectangl e . 

This  computer  program  calculates  settlements  for  an 
increment  of  footing  load  which  is  determined  by  subtraction 
of  two  sets  of  input  load  data.  The  order  of  footing  identi¬ 
fication  numbers  must  be  identical.  Settlements  are 
computed  at  the  centroids  of  all  input  footings.  If  settle¬ 
ments  are  desired  at  other  locations,  these  are  specified 
as  "dummy"  footings  which  have  a  precise  coordinate  location 
but  have  unit  length  and  width  and  zero  load.  These  "dummy" 
footings  are  included  at  the  end  of  the  second  data  set. 

The  location  of  the  coordinate  axes  is  arbitrary.  To 


avoid  negative  and  positive  reference  coordinates  it  is 
usually  convenient  to  place  the  X  and  Y  axes  outside  the 
footing  system.  The  only  restriction  is  that  the  orientation 


•  » 


' 
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of  the  axes  must  be  such,  that  each  footing  side  is  parallel 
to  an  axis.  In  other  words,  the  center  lines  of  each  footing 
must  be  either  parallel  or  perpendicular  to  a  particular  axis 
Settlements  are  computed  for  a  specified  variation  of 
Young's  modulus  and  Poisson's  ratio  and  are  presented  in 
tabular  form  for  each  footing  centroid.  The  variation  of 
the  above  elastic  parameters  is  defined  with  three  numbers. 
For  example,  settlements  may  be  computed  for  a  series  of 
foundation  moduli  which  starts  at  a  particular  value  and  is 
incremented  by  a  particular  value  a  specified  number  of  times 

Operational  Characteristics 

-  Maximum  number  of  footings  for  each  data  set  is  90. 

-  Maximum  number  of  moduli  for  which  settlements  may 
be  given  is  15. 

-  Required  computer  storage  =  50  K. 


Input 

Card  (A)  Variation  of  Elastic  Parameters. 

(F10 .0,2X,F8.0,7X, 13 ,5X,F5.3,5X,F5.3,7X,  13) 

Col umns 

1-10  Young's  modulus  in  psi  at  which  computations  start 
13-20  Increment  of  Young's  modulus  in  psi 
28-30  Number  of  increments  £  15 

36-40  Poisson's  ratio  at  which  computations  start 
46-50  Increment  of  Poisson's  ratio 

Number  of  increments  -  quantity  not  limited. 


58-60 


'  ' 
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Card  (B)  Title  Card  of  First  Load  Set. 

( 1 7A4 ) 

Card  (C)  Number  of  Footings  in  First  Load  Set. 

( 2  X  ,  1 3  ) 

Columns 

3-5  Number  of  footings  in  first  load  set. 

Card  (D)  Footing  Load  Cards  -  must  equal  number  of  footings 

specified  on  Card  C. 

( 13 , 29X  ,  F7  . 1 )  -  note  -  format  of  second  load  set  can  also 

be  used. 


Columns 

1-3  Footing  identification  no.  -  can  be  in  any  order 
33-39  Footing  load  in  kips. 

Card  (E)  Title  Card  of  Second  Load  Set. 

( 1 7A4 ) 

Card  (F)  Number  of  Footings  in  Second  Load  Set. 

(2X.I3) 

Columns 

3-5  Number  of  footings  defined  in  second  load  set  -  must 
be  equal  or  greater  than  number  of  footings  at  first 
load  set  specified  on  Card  C. 

Card  (G)  Footing  Load  Cards  -  must  equal  number  of  footings 

specified  on  Card  F. 


( 13 , 1 X , 5F7 . 1  ) 


. 
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Columns 

1-3  Footing  identification  no. 

5-11  X  -  coordinate  of  footing  in  feet 
12-18  Y  -  coordinate  of  footing  in  feet 
19-25  Length  of  footing  in  x-direction  in  feet 
26-32  Length  of  footing  in  y-direction  in  feet 
33-39  Footing  load  in  kips. 

Note  -  The  footing  identification  numbers  of  the  second 
load  set  must  be  in  same  order  to  those  specified  in  the 
first  load  set.  The  "dummy"  footings  which  are  added  at  the 
end  can  be  in  any  order. 

Output 

Input  data  is  printed  out  immediately  following  read 
i n  settlements  . 

Settlements  are  printed  out  in  tabular  form  for  each 
footing  specified. 

Additional  Remarks 

(A)  Because  of  the  manner  in  which  the  influence  value 
is  computed  error  messages  may  occasionally  be  given  indicat¬ 
ing  that  division  by  zero  has  been  attempted.  This  results 
with  footing  geometry  shown  below. 


w  '  ‘ 
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X -Ax  i  s 


Note  that  the  distance  B  is  very  small  which  when  divided 
into  L  results  in  the  above  error  message.  If  such  a  condi¬ 
tion  is  observed  a  slight  shift  in  position  of  point  K,  which 
will  make  B  larger,  solves  the  problem. 

(B)  The  increment  of  footing  load  must  be  either  posi¬ 
tive  for  all  footings  or  negative  for  all  footings.  Therefore 
if  the  first  load  set  has  larger  footing  loads  than  the  second 
load  set,  the  increments  of  computed  loads  must  all  be  negative. 

If  for  some  reason  a  footing  is  subjected  to  less 
load  at  some  later  date,  the  statement  card  with  address  46 
must  be  changed  to  read  46  PINC  =  P( J ) -PI  ( J  )  .  The  second  load 
set  must  have  the  larger  footing  loads  for  this  special  case 
in  order  to  avoid  output  of  negative  settlements. 
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COMPUTER  PROGRAM  LISTING 


G  LEVEL  1,  MOD  4 


MAIN 


DATE  =  70310  00/23/15 


ELASTIC  SETTLEMENT  OF  RECTANGULAR  FOOTINGS  ON  A  S E M I -  1 NF I N I T E 
PLANE  -REQUIRES-  TWO  LOAD  SETS  AND  SET  OF  SPECIFICATIONS  FOR 
VARIATION  OF  YOUNGS  MODULUS  AND  POISSONS  RATIO:  J.  DEJONG 

DI MENS  ION  IR(RC) ,X(90  I , Y( 90) , A{ 90) , B(90) ,P<  90) ,Q(90) , SET  I (90) ,QIN( 
190) * EV(30) ,TITLE(17) ,  TLF( 17) , I  I (60) ,  PI (60) 

READ  AND  PRINT  DATA 

RFAD(5,12)ELAS,DELAS,NEL,PR,DPR,NPR 
RFAD( 5 ,40) (TITLE! I) ,1=1,17) 

READ ( 5  *  10 ) K 

RE  AD ( 5  *  9  I  (  II ( J) ,PI ( J ) *  J= 1 »  K  ) 

READ! 5,40) (TLE (I), 1=1, 17) 

READ( 5, 10 )N 

READ(5,11)(IR(J),X(J),Y(J),A(J),B(J>,P(J),J=1,N) 

WRITE(6,41 ) 

WRITE (6,42) (TITLE! J ) ,J=1, 17) 

WR I TE ( 6 , 43 ) 

WRITE (6,44  )  (  I I( J ), A( J ) ,B( J  ) ,X( J ) ,Y( J ), PI  (  J) , J=1,K) 

WRI TE ( 6 , 37 ) 

WRITE(6*45) (TLE(J)»J=1,17) 

WR I TE ( 6 , 43 ) 

WRITE (6,44) ( IR(J),A(J),B(J),X(J) ,Y(J),P(J),J=1,N) 

WRITE(6,37) 

9  FORMAT ( I 3,29X ,F7 .1 ) 

10  FORMAT ( 2X , I  3 ) 

11  FORMAT ( 13, IX, 5F7.1 ) 

12  F0RMAT(F10.0,2X,F8.0,7X, I  3 , 5 X, F 5. 3 , 5X , F5 . 3 , 7X , 1 3 ) 

37  FORMAT ( 3 IX ,' NOTE  -  ALL  UNITS  ARE  IN  TERMS  OF  KIPS  AND  FEET',/) 

4C  FORMAT (17A4) 

41  FORMAT ( 1H1 ,20X, ' FOOT ING  SETTLEMENT  ON  ELASTIC  SOLID',//) 

42  FORMAT (23X, 1 7A4, / ) 

43  FORMAT (25X, ' FTG.  LENGTH  WIDTH  X  COORD.  Y  COOFD.  LOAD’,/) 

44  FORMAT (24X, I  3, 1 X,F7.1,1X,F7.1,1X,F7.1,2X,F7.1,?X,F7.1) 

45  FORMAT (//»23X»17A4,/ ) 

CHECK  ORDER  OF  FOOTINGS  AND  COMPUTt  INCREMENT  OF  FOOTING  CONTACT 
PRESSURE. 

*$$£*********************  #***  **$***  *$##$*£:*#*$*:***<:***<:*  *** 

WR I T  E ( 6 , 49 ) 

DO  30  J=1,K 

I F (  II( J).EQ.IR(J)  )  GO  TO  46 
WRITE(6»47) 

CALL  EXIT 

46  P I NC=  ABS (P(J)-PI(J) ) 

Q{ J)=PINC/<A( J)*B< J) ) 

WRITE(6,48) I l( J) ,PINC,Q( J) 


. 

' 
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G  LEVEL  1*  MOD  4  MAIN  DATE  =  7C310  00/23/15 

30  CONTINUE 
WPITE(6,37) 

47  FORMATdOX,  •  FOOT  ING  IDENTIFICATION  NUMBERS  DO  NOT  MATCH. ',/, 10X, *C 
1  ARDS  ARE  NOT  IN  ORDER.') 

48  FORMAT(24X,I3,2X,F7.1,3X,F5.2) 

49  FORMAT!//, 23X, 'LOADING  I NC RE MENT • , / / , 25X , • FT G .  INCR.  PRESS.',/) 

COMPUTE  SETTLEMENT  MATRIX  (INCLUDE  0(1)  IN  MATRIX) 

DO  29  J=1 , N 
Q IN ( J ) =0 • 0 
29  CONTINUE 
D032 I  =  1 ,  K 
RR  =  A (  I  )/2.0 
SS=  8  ( I ) / 2 .0 
0031 J=1,N 
DA=  AB  S ( X (  I >  —  X ( J)  ) 

DB  =  ARS(Y(  I ) - Y ( J)  ) 

F  I  =  FE  (  RR , SS , DA , DB ) 

OIN(J)=QIN(J)+(Q(I  )/C.012)*FI 

31  CUNTINUE 

32  CONTINUE 

*****  ****  ****  *****  *******  ************************  *  ****  *  ******* 
COMPUTE  SETTLEMENT  FOR  COMPUTED  VARIATION  OF  ELASTIC  PARAMETERS 
************  ****  *  ************************************************ 


DO  22  L  =  1 ,  N 
WR I T  E ( 6  *  23 ) I R ( L  ) 

DO  20  J=1 , NPR 
CD= J- 1 

POR=PR+CD*DPR 
DO  21  1=1, NEL 
CEL=  I- 1 

E V ( I )=ELAS+CEL#DELAS 

SET  I  (  I )=QIN( L)*( ( 1.0-P0R**2)/EV( I ) ) 

21  CONTINUE 
IF(J.NE.l)  GO  TO  25 
WRITF(6,24)(EV(I),I=1,NEL) 

25  WRITE(6,26)P0R,(SETI(I),I=1,NEL) 

20  CONTINUE 

WR I T  E ( 6,38) 

22  CONTINUE 

23  FORMAT(//, LX, 'SETTLEMENT  POI NT • , 1 4, / / , 1 X , • PO I S .  P AT  10 • , 3CX, • MODUL I 

1  ' ) 

24  FORMAT(  11X»15(1X,F7.0)  ) 

26  FORMAT (3X,F5.2, 2X, 15( 3X,F5.3) ) 

38  FORMAT (7X, 'NOTE  -  MODULI  IN  PSI.;  SETTLEMENT  IN  INCHES') 

STOP 

END 


■  • « 


■ 
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G  LEVEL  It  MOD  4  EE 

FUNCTION  FE  (X,Y,A,B) 


DATE  =  70310 


00/23/15 


CALCULATE  INFLUENCE  COEFFICIENT  COMPONENTS 


D I  ME  NS  I ONRF ( 4  ) 

0U7M  =  1,4 

GOTO ( 1  ,2,3,4)  ,M 

1  W=A*X 
V  =  B  ♦  Y 
GO  TO  5 

2  W=ABS ( A-X ) 

GOTO  5 

3  V=  AB S  (  B- Y  ) 

G0T05 

4  W=A+X 

5  I F ( W.EQ.O.O.OR.V.EO.G.O JG0T012 
I F ( W . LT . V ) G0T06 

R  =  W/V 

RF(M)=V*FG  (R) 

G0T07 

6  R=V/W 

RF ( M ) =W*FG  (R) 

GOT  07 

12  RF  ( M )  =  0 . 0 

7  CONTINUE 

IF(A.LE.X.AND.B.LE.Y)G0T08 
IF(A.LE.X) GOT  09 
IF(B.LE.Y)G0T010 
CASE  1 

FE=RF(  1)-RF(2)+RF(3)-RF(4) 

GOTO  11 
CASE  2 

9  FE=RF ( 1 ) +RF( 2 ) — RF ( 3 )-RF 14) 

GOT  Oil 
CASE  3 

10  FE  =  RF( 1  )  —  R  F ( 2 )-RF (3 )+PF (4) 
G0T011 

CASE  4 

8  FE=RF(1)+RF(2)+RF(3)+RF(4) 

11  RETURN 
END 


1,  MOD  4  FG  DATE  =  70310  0C723/15 

FUNCTION  FG  tR) 

ARITHMETIC  FUNCTION 

A=SQP.T(R**2+i.O) 

B=R* ALOG ( (1 .0  +  A) /R  ) 

C  =  ALOG(R«-A)  - 

FG=(B+C)/3.1416 

RETURN 

END 


/ 

APPENDIX  F 

SOIL  STRUCTURE  INTERACTION  COMPUTER  PROGRAM 
"INCREMENTAL"  AND  "CONVENTIONAL"  SOLUTIONS 
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Description 

The  computer  solution  given  here  solves  for  the  support 
settlements  of  a  three-dimensional  space  frame  taking  into 
account  the  influence  of  structural  rigidity.  Since  footing 
settlements  are  computed  using  elastic  theory,  including  the 
effect  of  load  dispersion  in  the  foundation,  settlements 
during  construction  will  be  immediate  as  will  be  the  differen¬ 
tial  displacements  of  the  frame's  supports.  The  rigidity  of 
the  frame  will  therefore  not  be  constant  but  will  vary  with 
storey  height.  Distortions  of  the  structural  frame  are 
assumed  to  take  place  elastically. 

This  method  is  based  on  compatibility  requirements 
which  dictate  that  foundation  settlements  must  equal  the 
support  displacements  of  the  structural  frame.  As  well,  the 
vertical  footing  loads  must  equal  the  vertical  reactions  at 
the  frame's  supports.  To  account  for  the  influence  of  vari¬ 
able  site  conditions,  an  approximation  is  used  for  calculat¬ 
ing  foundation  settlements  whenever  different  foundation 
deformation  parameters  are  specified. 

The  "incremental"  solution  given  here  takes  into 
account  the  variation  of  structural  rigidity  during  construc¬ 
tion.  The  "conventional"  solution  is  also  given  and  assumes 
the  entire  building  is  distorted  immediately  upon  completion 
of  construction.  No  support  settlements  are  assumed  to 
occur  during  this  period. 

Support  settlements  can  be  expressed  in  matrix  form 
as 


<  L* 
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[A]  =  [M][R]  1 

where  [A]  denotes  the  column  matrix  of  support  settlements 

[M]  denotes  a  square  matrix  which  includes  the 

elastic  foundation  parameters,  footing  areas, 
the  influence  of  load  dispersion,  and  the  approxi¬ 
mation  for  variable  site  conditions 

[R]  denotes  a  column  matrix  of  resultant  footing  loads. 

For  an  arbitrary  frame  distortion  the  influence  of 
structural  rigidity  is  taken  into  account  in  the  expression 

[R]  =  [Q][A]  +  [R°]  2 

where  [Q]  denotes  a  square  matrix  which  specifies  the 

vertical  frame  reactions  at  N  supports  for  a 
unit  displacement  of  a  single  support 
[R°]  denotes  a  column  matrix  of  the  footing  loads 

due  to  the  self-weight  of  the  structural  frame 
under  conditions  of  zero  differential  settlement. 

Program  Subroutines 

The  flow  chart  indicates  the  sequence  of  subroutines 
and  functions  which  are  used  in  the  computer  solution.  Sub¬ 
routine  "INPUT"  inputs  the  required  data  and  prints  it 
immediately  thereafter.  The  input  data  is  described  in  a 
later  section.  Subroutine  "SETMAT"  computes  the  square  matrix 


’  ' 
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Soil  Structure  Interaction 
Flow  Chart 
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[M]  for  the  case  of  rectangular  spread  footings  located  on 
the  surface  of  a  semi -i nf i ni te ,  homogeneous,  isotropic, 
elastic  body.  This  matrix  is  stored  in  common  block  A6 . 
Subroutine  "SOLVE"  controls  the  "incremental"  and  "conven¬ 
tional"  soi 1 -structure  interaction  techniques  by  performing 
the  calculations  storey  by  storey.  The  self-weight  struc¬ 
tural  load  per  storey  is  computed  by  "DELTAP".  The  resulting 
column  matrix  [R°]  is  stored  in  common  block  A7.  Subroutine 
"SETT"  computes  the  settlement  in  accordance  with  equation  1 
for  any  specified  set  of  footing  loads.  The  results  of  this 
calculation  are  stored  in  common  block  A8 .  Subroutine  "GENMAT" 
generates  the  square  matrix  of  reaction  coefficients  [Q]  from 
the  input  data  for  a  particular  structural  frame  of  specified 
storey  height.  The  matrix  is  stored  in  common  block  A12. 
Subroutine  "REACT"  computes  the  vertical  reactions  generated 
at  the  supports  due  to  distortion  of  the  structural  frame. 

This  corresponds  to  multiplication  of  [Q][A]  as  indicated 
earlier  in  equation  2.  The  results  are  stored  in  common 
block  A9 .  The  iterative  computations  are  carried  out  in 
subroutine  "INTACT".  The  maximum  number  of  iterations  can 
be  controlled  and  the  rate  of  convergence  can  be  altered  by 
means  of  the  relaxation  factor  used  in  this  subroutine.  The 
convergence  criteria  is  specified  by  the  program  user  for 
flexibility.  At  completion  of  iteration  the  final  footing 
loads  and  settlements  for  a  particular  storey  are  stored  in 
common  block  A10.  The  number  of  iterations  required  to  satisfy 
the  convergence  criteria  is  stored  here  as  well. 


i  (pi 
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Operational  Characteristics 

Number  of  footings  <_  30. 

Number  of  storeys  30. 

Number  of  input  footing  loads  with  height  of  building 
per  footing  <_  7 . 

Number  of  input  reaction  coefficient  matrices  with 
height  of  building  £  10. 

Number  of  different  soil  zones  10. 

Total  storage  requirement  =  150  K. 


Input 

Card  (A)  Control  Cards. 

( 1 8A4/3 1 5/F5 . 2 , 1 5 , F6 . 4 ) 


(i) 

Col umn 

1-72 

Heading  or  title. 

(ii) 

Column 

1-5 

Number  of  footings 

6-10 

Number  of  storeys 

11-15 

Number  of  soil  zones . 

iii) 

Column 

1  -5 

Relaxation  factor  (e.g.,  0.5 

gives  good  rate 

of  convergence) 

6-10 

Maximum  number  of  iterations 

a  1 1  owed  (e.g.. 

30  for  large  space  frame) 

11-16 

Convergence  criteria  in  kips 

(e.g.,  .05  kip; 

footing  loads  must  be  repeated  within  this 

limit  of  variation). 

' 
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Card  (B)  Footing  Load  Cards  -  number  of  cards  must  equal 

the  number  of  footings  and 
be  in  order  of  footing  identi¬ 
fication  numbers. 

(1X,I3,1X,7(I2,F8.0)) 

Col umn 

2-4  Footing  identification  number 

6-7  Storey  height 

8-15  Total  Footing  Load  of  the  building  with  construction 
complete  to  the  specified  storey  height 
16-17  Storey  height 

18-25  Total  Footing  Load  of  the  building  with  construction 
complete  to  the  specified  storey  height. 

etc . 


Note  -  Although  7  footing  loads  may  be  specified  to  de¬ 
fine  the  curve  of  self-weight  footing  load  with  storey  height, 
a  lesser  number  can  also  be  used.  The  last  footing  load 
specified  must  always  equal  the  footing  load  corresponding 
to  the  maximum  height  of  building.  At  footings  located  under 
a  part  of  the  structure  which  is  smaller  in  height  (e.g.,  a 
lower  wing),  the  maximum  footing  load  at  the  upper  storey 
height  of  the  wing  must  be  duplicated  to  correspond  to  the 
maximum  storey  height  of  the  entire  frame. 


Card  (C)  Footing  Geometry  and  Coordinate  Cards  -  number  of 

cards  must  equal  the  number 
of  footings  and  be  in  order 
of  footing  identification 
number . 


( 2X , 13 , 4F1 0 . 1  ) 
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Col umn 

3-5  Footing  identification  number 
6-15  X  -  coorindate  of  the  footing  centroid 
16-25  Y  -  coordinate  of  the  footing  centroid 
26-35  Footing  length  in  X  direction 
36-45  Footing  length  in  Y  direction. 

Note  -  Coordinate  axes  must  be  parallel  or  perpendicular 
to  all  footing  sides. 

Card  (D)  Storey  height  of  first  input  reactions  coefficient 
matrix 

(2X , 13 ) 

Col umn 

3-5  Storey  height. 

Card  (E)  Reaction  Coefficients  -  first  matrix 
(8F10.1  ) 

Column 

1-10  Reaction  at  footing  1  due  to  a  unit  displacement 
at  footing  1 

11-20  Reaction  at  footing  2  due  to  a  unit  displacement 
at  footing  1 

21-30  Reaction  at  footing  3  due  to  a  unit  displacement 
at  footing  1 

71-80  Reaction  of  footing  8  due  to  a  unit  displacement 
at  footing  1 

1-10  (Next  card).  Reaction  at  footing  9  due  to  a  unit 
displacement  at  footing  1 
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etc.  Unit  reaction  at  last  footing  is  specified  for  the 
unit  displacement  at  footing  1 
1-10  Reaction  at  footing  1  due  to  a  unit  displacement 
at  footing  2 

etc.  As  for  unit  displacement  of  footing  1. 

Note  -  For  a  structure  with  25  footings  the  reaction 
coefficient  matrix  will  be  specified  on  3  x  25  =  75  cards. 

Note  -  The  sign  of  the  reactions  must  be  included  as 
the  sum  of  any  column  or  row  in  the  matrix  must  equal  zero. 

Note  -  Reaction  coefficients  are  in  kips  for  unit 
displacements  of  1  inch. 

Card  (F)  Storey  height  of  second  input  reaction  coefficient 
matrix 

( 2X , 13 ) 

Card  (G)  Reaction  Coefficients  -  second  matrix 
(8F10.1  ) 

Note  -  Cards  F  and  G  correspond  to  Cards  D  and  E 
respectively. 

Note  -  A  maximum  of  10  reaction  coefficient  matrices 
may  be  entered.  Because  of  the  volume  of  cards  required  it 
is  desirable  to  keep  the  number  of  matrices  as  small  as 
possible. 

Note  -  The  last  matrix  entered  must  be  the  matrix  for 
the  maximum  building  height. 


is  .1 
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Card  (H)  Soil  Parameters  -  number  of  cards  must  equal  the 

specified  number  of  soil  zones. 

(3X , 13 , 1 X  ,  5F1 0 . 1  , 3X  ,  F5 . 3  ) 

Column 

4-6  Soil  zone  identification  number 
8-17  X  -  coordinate  of  soil  zone  centroid 

18-27  Y  -  coordinate  of  soil  zone  centroid 

28-37  Soil  zone  length  in  X  direction 
38-47  Soil  zone  length  in  Y  direction 
48-57  Soil  zone  Young's  modulus  in  psi 
61-65  Poisson's  ratio  of  soil  zone. 

Note  -  Soil  zones  must  be  rectangular  with  sides  parallel 
or  perpendicular  to  coordinate  axes.  The  perimeters  of  soil 
zones  must  not  overlap.  All  footings  must  be  enclosed  by  a 
soil  zone  or  a  number  of  soil  zones.  The  perimeter  of  a 
soil  zone  must  not  fall  on  the  centroid  of  a  footing.  The 

ratio  of  elastic  moduli  of  two  adjacent  soil  zones  should 

not  exceed  2.0.  If  the  approximation  for  variable  soil  condi¬ 
tions  is  not  used  a  single  soil  zone  enclosing  all  footings 
must  be  specified. 

Special  Options 

The  approximation  for  variable  site  conditions  may  be 
used  without  taking  into  account  the  rigidity  of  the  struc¬ 
ture.  For  this  case,  no  reaction  coefficients  need  be  speci¬ 
fied  as  the  structure  is  assumed  to  be  perfectly  flexible. 
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Card  D,  the  input  storey  height,  must  read  zero.  The 
which  must  follow  are  those  described  by  Card  H.  The 
between  cards,  Cards  E,  F,  G,  are  omitted. 


cards 
i  n 
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COMPUTER  PROGRAM  LISTING 

G  LEVEL  1,  MOO  4  MAIN  OATE  =  70311  03/27/41 

SOIL  STRUCTURE  INTERACTION:  J.  DEJONG 

"INCREMENTAL"  METHUD  INCLUDES  VARIATION  OF  FRAME  RIGIDITY  DURING 
CONSTRUCTION. 

SETTLEMENTS  APE  COMPUTED  FOR  THE  CASE  OF  RECTANGULAR  FOOTINGS 
LOCATED  ON  AN  ELASTIC,  HOMOGENEOUS,  ISOTROPIC,  S EM  I - 1 NF I N I T E 
FOUNDATION. 

APPROXIMATION  FOR  VARIATION  OF  FOUNDATION  PROPERTIES  OVER  THE  SITE 
IS  OPTIONAL. 

SETTLEMENT  COMPUTATION  WITH  THE  ASSUMPTION  OF  PERFECT  STRUCTURAL 
FLEXIBILITY  I S  OPTIONAL. 

CALL  INPUT 
CALL  SETMAT 
CALL  SOLVE 
STOP 
END 


, 
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G  LEVEL  1,  MOO  4  INPUT  DATE  =  70311  03/27/41 

SUBROUTINE  INPUT 
C 

C0MM0N/A1 /NUMCOL  , NUMSTR, NUMFPR 
1/A2/NC0L I  30) , I  STOP (30,7) , DL0AD(  30,7) 

1/A3/NFTG (30 ) ,XC00R(30 » , YCU0R (30 ) , DX ( 30 1 , DY (  30 ) 

1 /A4/QCDEF ( 10,30,30), 1ST ( 10) 

1/A5/NUMEI  10)  ,  X7.0N(  10)  ,  YZ0M(  10)  ,XDZ0(  10)  ,YDZ0(  10)  ,  ZM0D(  10  )  ,  POI  S  (  10  ) 
1/A11/RELAX, IT,CR IT 
DIMENSION  HED ( 18) 

I  FL AG  =  0 

RE  AD  (5, 10 00  )  HED, NUMCOL, NUMSTR, NUMFPR, RELAX,  IT,CRIT 
WRITE (6, 2000) HED, NUMCOL, NUMSTR, NUMFPR, RELAX, IT,CRIT 

*#$***  4;  **#$***  <c  <c  ***$*4:*  #*$**4::**  4t  44  4  44*  4  44  4  44444444  4  4*4  4  4  44  4  * 

RF AD  AND  PRINT  LOAD  DATA 

44  44  *  4444444444  44 44 4444**44*44*44444*44444444444*4444 *4 444444***4* 

WRI TE ( 6, 2002 ) 

DO  1  J=l, NUMCOL 

READ( 5, 1001 ) NCOL ( J ) , ( I STOR ( J, I),DLOAD(J,  I), 1=1, 7) 

WRITE (6, 2001 )NCOL( J ) , ( I STO R ( J , I ) , DLOAD ( J , 1) , 1=1 ,7) 

1  CONTINUE 

444*4*4*44*4444444444444444444*44*444*4*44444444444**44444444***** 

READ  AND  PRINT  FOOTING  GEOMETRY 

*44444**444444*4444444*  444*44444**444444444444444*444  44444444*4444 

READ! 5,  1002 ) (NFTGl J) , XCOOR ( J ) , YCOOR ( J ) , DX ( J ) , DY (  J ) ,J=1, NUMCOL ) 
WRITE! 6,2003) 

WRITE ( 6, 2004 ) { NFTG ( J ) , XCOOR (J)  , YCOOR ( J ) , DX ( J ) , DY ( J ) ,J  =  1, NUMCOL ) 

4*44*444**4*444  *44444  44  4  4  444  4*4  4:*  444  44*  4  444  4  4  4444  44  44  *4  4  4  44444*44* 

READ  AND  PRINT  REACTION  COEFFICIENTS 

*4444444*44444*4444*44*4444*44444444444444444444****4  44*4444444444 

DO  3  JJ=1,10 
READ(5,1003)IST(JJ) 

CHECK  FOR  OPTION  OF  SETTLEMENT  COMPUTATION  ASSUMING  PERFECT 
STRUCTURAL  FLEXIBILITY, 

I F ( I  ST ( J J ) .EQ.O)  GO  TO  14 
WR I T  E ( 6 , 200  5  ) 

WRIT E( 6, 2006) 1ST (JJ), ( J  ,  J  =  1 , NUMCOL ) 

DO  2  J=l,  NUMCOL 

READ (5, 10  04) ( QCOEF ( J  J , J  ,  I  )  , 1=1 , NUMCOL) 

WRITE (6, 2007) J, (QCOEF( JJ , J, I ) , 1=1 , NUMCOL) 

2  CONTINUE 
DO  7  J=l, NUMCOL 
TOT  =  C « 0 

DO  8  1=1,  NUMCOL 
TOT  =  TOT+QCOEF( JJ, J, I  ) 

8  CONTINUE 
TOT=ABS( TOT) 

IF ( TOT-1 .0  )  7,7,10 
10  WRITE(6,2011  )  J, JJ 
IFLAG=1 


ft  • 
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G  LEVFL  1,  MOD  4 


INPUT 


DATE  =  70311 


03/27/41 


11 


12 


14 


16 

15 


CONTINUE 

DO  9  1=1,  NUMCOL 

T0T=0 .0 

DO  11  J=l, NUMCOL 
TOT  =  TOT+QCOEF( JJ,  J, I ) 
CONTINUE 
TOT=ABS( TOT) 

IF ( TOT-1 .0 )  9,9,12 
WRITF{6,2012)  I , J J 
IFLAG=1 
CONTINUE 

I  F (  I  ST ( JJI-NUMSTR)  3,4,5 
CONT  INUE 
GO  TO  4 

DO  15  J=l, NUMCOL 

DO  16  1=1, NUMCOL 

QCOEFI 1 , J, I  1  =  0.00000000000 

CONTINUE 

CONTINUE 

I  ST ( 1 ) =NUMSTR 

CONTINUE 


READ  AND  PP INT  FOUNDATION  PROPERTIES 


WR  I TE ( 6, 2008 ) 

READ! 5,2009  ) ( NONE ( J ) , XZONI J ) , Y 20N ( J ) , X DZO ( J ) , YDZO(  J ) ,  ZMOD ( J )  ,POI  S( 
1 J ) »  J  =  1 , NUMF PR ) 

WRITE (6,2009  )  ( NONE ( J ) , X Z 0 N ( J ) , Y ZON ( J ) , XDZO ( J ) , YDZO( J ) , Z MOD ( J ) , POIS 
1  ( J )  »  J  =  1 , NUMF  PR ) 

I  F ( IFLAG.EQ. 1)  GO  TO  13 
GO  TO  6 

5  WR1TE(6,2010) 

13  CALL  EXIT 

1000  FORMAT  (18A4/3I5/F5.2, I5.F6.4) 

1001  FORMAT ( IX, 1 3, IX, 7( 12, F 8.0)) 

1002  FORMAT ( 2X, I 3,4F10.1 ) 

10C3  FORM  AT ( 2X , I  3 ) 

1004  FORMAT ( 8F10. 1 J 

2000  FORMAT ( 1  HI , 18A4// 

13X,' NUMBER  OF  COLUMNS  =',I4// 

23X, 'NUMBER  OF  STOREYS  =',I4// 

33X, 'NUMBER  OF  DIFF.  SOILS  =',I4// 

4  3X , • RE  LAX AT  ION  FACTOR  =',F5.2// 

53X, 'NUMBER  OF  ITERATIONS  =',I4// 

63X, 'CONVERGENCE  CRITERIA  =',F6.4) 

2001  FGRMAT(5X» I  2 , 3X , 7(  I4,F9.0) ) 

2002  FORMAT { 1  HI » 3 X , ' LOAD  D AT A •  , / / , 3 X , • COLUMN 
1  STOREY  LOAD  STOREY  LOAD  STOREY  LOAD 
1//) 

2003  FDRMAT(1H1,3X, 'FOOTING  GEOME TRY • , // , 3X , • FTG. 

1WIDTH  X  LENGTH  Y',//) 

2004  FORMAT( 3X , I  3 ,4F 1 0. 1 > 

2005  F0RMAT(1H1,3X, 'REACTION  COEFFICIENT  MATRIX', //» 

2006  F0RMAT(3X, 'STOREY  HE  I GHT  =  • , I  3 , / , ( 10X, 1 2  I  10 )) 

2  007  FORMAT (5X, I  3 , 2X , 12F10.1,/, ( 10X.12F10.1) ) 

2008  FOPMATdHl  ,3X, 'FOUNDATION  P  ROP  FP  T  I  E  S  •  ,  /  /  ,  2X ,  •  ZONE 

10RD.  WIDTH  X  LENGTH  Y  MODULUS  POIS.  RAT.'/) 

2  009  FORMAT  <3X, I3,1X,5F10.1,3X,F5.3) 

2C10  FORMAT ( 3X ,' ERROR  -  LAST  STURFY  READ  EXCEEDS  BLDG. 


STOREY  LOAD 
STOREY  LOAD 


STOREY  LOAD 
STORFY  LOAD', 


X  ORD. 


Y  ORD. 


X  ORD. 


HEIGHT*  > 


2011  FORMAT ( 3X, 'PDW' , 13, •  IN  REACTION  COEFFICIENT  MATRIX', 13,'  DOES  NOT 
1  HAVE  A  SUM  EQUAL  TO  ZERO') 

2012  F0RMAT(3X, 'COLUMN* ,13, '  IN  REACTION  COEFFICIENT  MATRIX', 13,'  DOES 
1N0T  HAVE  A  SUM  EQUAL  TO  ZERO') 

6  RETURN 
END 


'  . 


- 


,a 
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G  LEVEL  1,  MOD  4  SETMAT  DATE  =  70311  03/27/41 

SUBROUTINE  SETMAT 
C 

COMMON/ A  1  /NUMf.OL  ,  NUMSTP  ,  NUMFPR 
1 /A3/NFTGI 30 ) ,  XCOOR (30) , YCOOR (30 ) , DX ( 30 ) , DY ( 30 ) 

1 / A5 /NONE (10) ,XZON( 10) , YZONl 10) , XDZD( 10) , YDZOf 10) ,ZM0D( 10 ) ,POl S( 10) 
l / A6/CN( 30 »  30 ) 

****  **##*♦*  *  ********  *  ****  ****  **  *************  ***************** 

CALCULATE  INFLUENCE  VALUES  FOP.  SETTLEMENT 
***  *  **  **  **  **  ***  **  ***  *  *************  ******************************** 

DO  1  I =1 , NUMCOL 
RR=DX ( I )/2.0 
SS=DY( I )/2.0 
DO  2  J=l, NUMCOL 
DA= ABS ( XCOOR { I )-XCOOR(J) ) 

DB= ABS (YCOOR ( I ) -YCOOR (J ) ) 

F I =FE  (RR,SS,DA,DB) 

CN ( I , J )  =  F I / ( DX  C I ) *DY ( I) ) 

2  CONTINUE 
1  CONTINUE 

****************************************************************** 
FIND  SUIL  MODULUS  PERTINENT  TO  FOOTING 
****************************************************************** 

IF (NUMFPP. NE.l)  GO  TO  5 
DO  7  J  =  l, NUMCOL 
DO  8  1=1, NUMCOL 

CN ( I , J  )  =  ( CN (  I  ,J)*lCOO.O+ll.O-POIS( 1 )**2) )/ZMOD( 1) 

8  CONTINUE 
7  CONTINUE 

GO  TO  12 
5  NC0UNT=0 

DO  4  LL=1, NUMFPR 
RR=XDZO(LL)/2.0 
SS=YDZO(LL)/2.0 
DO  P  J=l, NUMCOL 
DA= ABS ( XZON( LL ) -XCOOR ( J ) ) 

DB=ABS(YZON(LL) -YCOOR ( J ) ) 

IF(RR.EO.DA.OR.SS.EQ.DB)  GO  TO  11 
IF(DA.GT.PR.OR.DB.GT.SS)  GO  TO  9 
NC0UNT=NC0UNT+1 
DO  10  1=1, NUMCOL 

CN  (  I , J )  =  ( CN(  I , J 1*1000. 0*(1.0-POIS(LL)**2) ) / Z  MOD ( LL ) 

10  CONTINUE 

9  CONTINUE 
4  CONTINUE 

I F  (  NCOUNT.LT. NUMCOL)  GO  TO  13 
GO  TO  12 

11  WRITE(6,2C01  )LL, J 

2001  FORMATt 3X, • ERROR  -  BOUNDARY  OF  SOIL  ZONE', 14,'  LOCATED  ON  CENTER  0 
IF  FOOTING', 14) 

CALL  EXIT 
13  WR I T E ( 6 ,2002  ) 

2002  FORMAT (3X ,' ERROR  -  ONF  OR  MORE  FOOTING  CENTERS  ARE  NOT  LOCATED  WIT 
1HIN  A  SOIL  ZONE'  ) 

CALL  EXIT 

12  RETURN 
END 


'  ' 
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G  LEVEL  1,  MOD  4 


FE 


DATE 


70311 


03/27/41 


FUNCTION  FE  (X,Y,A,B) 

C 

D I  MENS  I ONR  F ( 4 ) 

******#**##**#+#***#*#***#*#****4  ********  **  ***************  ******** 

CALCULATE  INFLUENCE  COEFFICIENT  COMPONENTS 

****************************************************************** 

D07M= 1  f  4 
G0T0I1  ,2,3,4)  ,M 

1  W=A-*-X 
V  =  B*Y 
G0TO5 

2  W= ABS ( A-X ) 

G0T05 

3  V=ABS ( B-Y ) 

GOTO  5 

4  W=A+X 

5  IF(  W.EQ.O.O.OR.V.EQ.O.O) GO TO 12 
IF(W.LT.V) GO  T06 
R=W/V 

RF(M)=V*FG  (R) 

G0T07 

6  R=V/W 

RF(M)=W*FG  (R) 

G0T07 

12  RF ( M) =0.0 

7  CONTINUE 

I F  C A.LE.X.AND.B.LE.Y)G0T08 
IF(A.LE.X) G0T09 
IF(B.LE.Y)GOT010 
CASE  1 

FE=RF { 1 )-RF(2  J+RFI3 )-RF(4) 

GO  T  0 1 1 
CASE  2 

9  FE=RF ( 1)+RF(2)-RF(3)-RF(4) 

GOTO  11 
CASE  3 

10  FE=RF(1)-RF(2)-RF(3)>RF(4) 

GOTO  11 
CASE  4 

8  FE=RF ( 1 )  +  RF  ( 2 ) +  RF (3 )  +RF (4) 

11  RETURN 
END 


F.VEL  1,  MOD  4  FG  DATE  =  70311  03/27/41 

FUNCTION  FG  (R) 

****************************************************************** 
ARITHMETIC  FUNCTION 

************  *******************  *********************************** 

A=SQRT(R**2-H.O) 

B=P*ALOG( ( 1 . 0+A) /R) 

C=ALOG( R+A)  - 

FG=(B*C)/3.1416 

RETURN 

END 


.  .  •  : 

. 
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G  LEVEL  1,  MOD  4  SOLVE  DATE  =  7C311  C3/27/41 

SUBROUTINE  SOLVE 
C 

COMMON/ A1 /NUMCOL , NUMSTR , NUMF PR 
1/A2/NCOL (30) , I STOR ( 30  » 7 ) ,DL0AD(30,7) 

1 / A7/ DELP ( 30  ) 

1/A8/SET( 30) 

1/A10/PD( 30) ,SE( 30), ITRI AL 

DIMENSION  CONLCU (30,30 ) , CONL I N ( 30 , 3C ) , CONDCU ( 3C , 30 ) , COND I N ( 30 , 3 0 ) , 

1 SS I LC U ( 30,39) , SSI  LIN (30,30 ) , SSIDCU(  30 , 30 ) , SS I D I N ( 3  0 , 3 0 ) , I R ( 30 ) 
DIMENSION  CONSET ( 30 ) 

C 

********* c**  *  ********  *************  ********************************* 

INITIALIZATION  FOR  FIRST  STOREY 

*****************************************************  ************* 
JST0R=1 

CALL  DELTAP  (JSTOR) 

CALL  SETT  (DELP) 

DO  I  I  =  1 , NUMCOL 
CONLCU ( I , 1 ) =  DEL  P  ( I  ) 

CONL I N ( I , I )  =  DEL P ( I  ) 

CONDCU ( 1,1) =SET ( I ) *1 2 . 0 
CONDI N ( 1,1 )  =  SET (  I ) *12 . 0 

1  CONTINUE 
CALL  INTACT  (JSTOR) 

DO  2  1=1, NUMCOL 
SSILCUt I , 1)  =  PD( I  ) 

SS IL I N ( 1,1 )  =  PD( I ) 

SSI DCU (  1,1 )=SE(  I  )*12.0 
SS I D I N ( 1, 1)=SE(  I  )  *12 . 0 
IR(JSTOR)=ITRIAL 

2  CONTINUE 

************  ********  ***********  *********************************** 
SOIL  STRUCTURE  INTERACTION  (INCREMENTAL  METHOD)  TO  FULL  BLDG.  HGT . 
****************************************************  ************** 

DO  3  JST0R=2, NUMSTR 
CALL  DELTAP  (JSTOR) 

CALL  SETT  (DELP) 

DO  4  1=1, NUMCOL 
CONL  IN (  I , JSTOR )  =  DELP( I ) 

CONLCU (  I , JSTOR  )=CONLCU(  I , J STOR-1 ) +CONL IN ( I , JSTOR ) 

CONDI N( I,JSTOR)  =  SET( I  )  *  12 . 0 

CONDCU (  I , J ST  OR )  =  CONDCU < I , J STOR- 1 ) +COND I N ( I, JSTOR) 

4  CONTINUE 
CALL  INTACT  (JSTOR) 

DO  5  1=1, NUMCOL 
SS I L I N (  I  , JST  OR )  =  PD ( I ) 

SSILCUt I, JSTOR )=SSILCU( I, J STOR -1)+SSILIN( I , JSTOR) 

SS I D I  N  (  I,JSTOR)  =  SE(I)*12.0 

SSI DCU ( I , JSTOR)=SSIDCU( I, J STOR-1 )+SSIDIN( I, JSTOR) 

IR( JSTOR )= ITRI AL 

5  CONTINUE 

3  CONTINUE 


. 


. 
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G  LEVEL  1,  MOD  4  SOLVE  DATE  =  70311  03/27/41 


***********  ******  ***  *******  **  4c  41  *******  ***************  ***  ********** 

CHECK  SOIL  STRUCTURE  INTERACTION  (CONVENTIONAL  METHOD) 
****************************************************************** 

DO  6  1=1,  NUMCOL 
DO  7  J  =  1  » NUMSTR 

I F ( 1ST OR (I ,J) .NE.NUMSTR)  GO  TO  7 
DE  LP ( I )=0L0AD( I, J) 

7  CONTINUE 
6  CONTINUE 

CALL  SETT  (DELP) 

DO  8  1=1, NUMCOL 
CONSET ( I  )  =  SFT ( I ) *12.0 

8  CONTINUE 

CALL  INTACT  (NUMSTR) 

****************************************************************** 
OUTPUT  RESULTS 

************  ***************************  *************************** 

DO  10  1=1, NUMCOL 
SE (  I  )  =  SE(  I  )*12.0 
WRI TE ( 6, 2001 >1 

WRITE  (  6, 20C2  )  (  J  ,  CONL  CU  (  I ,  J  )  ,CONLIN(  I  ,  J  )  ,  CONDOM  I ,  J  )  ,COND  IN(  I ,  J)  ,  SS 

1  I LCU ( I, J ) ,SS  IL IN ( I , J ) ,SSIDCU( I , J) , SSI  DIN ( I, J) , I R ( J ) , J= 1 ,  NUM STR ) 
WRITE (6,2003  > 

WRITE(6,2C04)NUMSTR,DELP(I ), CONSET (  I  ) , PD < I ) , SE ( I ) ,  I TRI AL 
WRI TE ( 6 ,2005  ) 

10  CONTINUE 

2001  FORMATt 1H1 ,10X, 'FOOTING  NUMBER ', T 3 ,//, 22X ,' LOADS  AND  SETTLEMENTS*, 
121X, 'LOADS  AND  SETTLEMENTS  W I TH • , / , 19X , • NO  SOIL  STRUCTURE  INTERACT 

2  ION* , 13X, • INCREMENTAL  SOIL  STRUCTURE  I NTF RACT I  ON • , / , 6X , * - 

3  - .  ,  5  x  ,  ' - 

4  - •  ,  / ,  8  X ,  'STOREY  CIJMUL.  INCREM.  C 

5 UMUL  INCRFM. • ,9X, 'CUMUL.  INCREM  CUMUL.  INCREM.  NO.  0 

6F*,/,BX, 'HEIGHT  LOAD  LOAD  SETT.  SE T T . • , 1  OX , • LO AD 

7  LOAD  SETT.  SETT.  ITERATIONS',/) 

2002  FORM  AT (9X, 13 ,3X, F9.1 ,1X,F9.1,2X,F6.3,4X,F6.3,8X,F9.1,1X,F9.1,2X,F6 
1.3,4X,F6.3,6X, 13 ) 

2003  F0RMAT(1X,/,61X, 'CONVENTIONAL  SOIL  STRUCTURE  INTERACTION',/) 

2004  FORMAT (9X, I3,3X,F9.1,12X,F6.3,18X,F9.1,12X,F6.3,16X,I3,/) 

2005  FORMAT (9X ,  • ALL  RESULTS  IN  UNITS  OF  KIPS  AND  INCHES') 

RETURN 

END 


oonooof-  onooo 
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G  LEVEL  1,  MOO  4  GFNMAT  DATE  =  70311  03/27/41 

SUBROUTINE  GENMAT  (JSTOR) 

C 

COMMON/ A 1/NUMC0L,NUMSTR,  NUMFPR 
1  / A4/QC0E  F ( 10,30,30),  IST(IO) 

1/A12/QC0FI 30,30) 

******************************************4*********************** 

GENERATE  REACTION  COEFFICIENT  MATRIX 


DO  1  K=  1 ,10 
I  F {  JSTOP-IST (K) )3*2» 1 

3  IF(K.EO.l)  GO  TO  4 

RAT  =  FLOAT! JSTOR- I  ST  IK-1 ) ) / ( I  ST ( K ) - I  ST ( K- 1 )  ) 
DO  5  1=1, NUMCOL 
DO  6  J=l, NUMCOL 

DCOEF=QCOEF( K, I, J l-QCOEF (K-1,I  , J) 

OCOFI I , J )  =  OC  OEF ( K-l *  I  *  J ) +RAT*DCOEF 

6  CONTINUE 
5  CONTINUE 

GO  TO  7 

4  RAT=FLOAT( JST0R/ISTI1 ) ) 

DO  8  1=1, NUMCOL 

DO  9  J=l, NUMCOL 

QCOFII ,J)=RAT*QC0EF(1»I,J) 

9  CONTINUE 
8  CONTINUE 
GO  TO  7 

2  DO  10  1=1, NUMCOL 
DO  11  J=l, NUMCOL 
OCOF ( I ,J)=QCOEF(K, I, J  ) 

11  CONTINUE 
10  CONTINUE 
GO  TO  7 
1  CONTINUE 

7  RETURN 
END 


L  1,  MOD  4  DELTAP  DATE  =  70311  03/27/41 

SUBROUTINE  DELTAP  (JSTOR) 

COMMON/ A 1 /NUMCOL, NUMSTR, NUMFPR 
l / A2/NCOL (30) , I STOR (30, 7 ) ,DLOAD(30,7) 

1/A7/DELP ( 30 ) 

♦*♦♦♦**♦***#♦#* ♦*♦*♦*♦**♦*♦*#♦#♦♦♦♦♦♦ *♦#**♦♦ ♦♦#*♦♦*♦♦♦** ♦♦**#♦♦♦*♦ 

COMPUTE  STOREY  LOAD 

fc***************************************************************** 

DO  1  1=1, NUMCOL 
DO  2  J=1 ,7 
JJ=J 

I F ( JSTOR. LE. ISTOR( I,J) )  GO  TO  3 

2  CONTINUE 

3  IF( JJ.NE.l )  GO  TO  4 

DELP( I )  =  DLOAD( I,JJ )/ I STOR  I  I  ,  JJ  ) 

GO  TO  1 

4  DELP  (  I )  =  ( DLO AD(  I , J J ) -DLO AD( I , J J- 1 ) )/( I STOR (  I, JJ )-ISTOR( I , J  J  —  1 ) ) 

1  CONTINUE 

RETURN 

END 


'  ■ 
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G  LEVEL  1,  HOD  4  INTACT  DATE  =  70311  03/27/41 

SUBROUTINE  INTACT  (JSTOR) 

C 

COMMON/ A 1/NUMC0L,NUMSTR, NUMFPR 
1/A7/DELP( 30  I 
1/A8/SET( 30) 

1/A9/DI SP(30) 

1/A10/PD( 30) , SE ( 30), I  TRIAL 
1/A11/RELAX, IT.CR IT 
DIMENSION  PLDI30) 

CALL  GENMAT  (JSTOR) 

ITERATE  TO  CONVERGE  UPON  REPEATING  LOADS 


DO  9  I  =1 ,  NUMCOL 
PLD ( I )  =DEL  P( I  ) 

9  CONTINUE 

DO  1  ITR  =  1 ,  IT 
I  TR I AL  = I TR 
I FL AG=0 

CALL  REACT  (SET) 

DO  2  1=1, NUMCOL 
SE ( I ) =SET ( I ) 

PD ( I ) =DE  LP ( I ) +D I SP ( I  ) 

DIFF  =  ABS(PLO(  I)-PD( I ) ) 

IE(DIFE.GT  .CRIT)  IFL AG=  1 
2  CONTINUE 

I F (  IFLAG.EQ.O)  GO  TO  5 
CALL  SETT  (PD) 

DO  4  1=1,  NUMCOL 

SET ( I )=SE( I ) +RELAX*( SET( I ) -SE ( I )) 

PLD ( I ) =PD( I ) 

4  CONTINUE 
1  CONTINUE 

5  DO  8  1=1, NUMCOL 

SE ( I )  =  ( SE ( I ) +SE  T(I))/2.0 
8  CONTINUE 

IE ( ITRIAL.EQ. IT)  GO  TO  6 
GO  TO  7 

6  WRI TE ( 6, 2001  )  JSTOR 

2001  FORMAT (3X, 'THE  SOLUTION  FOR  SOIL  STRUCTURE  INTERACTION  REQUIRED  TH 
IE  MAXIMUM  NUMBER  OF  ITERATIONS  SPECIFIED  FOR  STOREY*, 14) 

7  RETURN 
END 


EVEL  1,  MOD  4  REACT  DATE  =  70311  03/27/41 

SUBROUTINE  REACT  (S) 

COMMON/ A1/NUMC0L,NUMSTR, NUMFPR 
1/A9/DI SP ( 30 ) 

1/A12/QC0F( 30,30) 

DIMENSION  S ( 30 ) 

#***$*4c****4*#****#***#******4t*****:t<c*******44t***#*4t«t$********ft*** 

CALCULATE  REDISTRIBUTED  LOAD 

***[<r*<t4:<t**#«  **  **#**♦*$$ 

DO  1  1=1, NUMCOL 
DISP( I ) =0.0 
DO  2  J=l, NUMCOL 

D I  SP (  I  )=QCOF( I,J)*S(J)*12.0+DISP(I) 

2  CONTINUE 
1  CONTINUE 
RETURN 
END 


(  - <  32 ;  T3A3H 
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G  LEVEL  1,  MOO  4  SETT  DATE  =  70311  03/27/41 

SUBROUTINE  SETT  ( P ) 

C 

COMMON/ A1 /NU MC OL»NUMSTR * NUMFPR 
1/A6/CNI 30,30) 

1/A8/SETI 30) 

DIMENSION  POO) 

**$********$*****  ****#«$**$  ***<t*«c*#4[#*<t$**#**]fr:****:**##*****#** 

CALCULATE  SETTLEMENT 

**:<t*<;:Ct******$*<r*$#*#$$*:Or*:tt*$**:<t;»:<>**$*:**<‘***’fc3J‘*:*<'*<I*’0'********#****# 

DO  1  J  =  1 ,  NUMCOL 
SET ( J ) =0. 0 
DO  2  1=1, NUMCOL 

SET (J)  =  (CN( I »  J )*P( I ) ) /1000 . 0>SET ( J ) 

2  CONTINUE 
1  CONTINUE 
RETURN 
END 


\ 
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APPENDIX  G 

ELASTIC  REBOUNDS  DUE  TO  EXCAVATION 
OF  RECTANGULAR  BLOCKS 


G  - 1 


Solution  Description 

The  solution  presented  here  is  based  on  the  standard 
equations  of  elasticity  for  the  settlement  of  a  point  located 
within  an  elastic  body  below  a  corner  of  a  rectangular,  flex¬ 
ible,  uniformly  loaded  area.  The  soil  body  is  considered 
to  be  homogeneous  and  isotropic,  for  heave  computations 
the  direction  of  the  loads  are  simply  reversed.  Due  to  the 
complex  shapes  of  some  excavations,  excavations  are  defined 
in  terms  of  a  number  of  component  blocks,  each  having  a 
specific  length,  width,  centroidal  location  and  bottom  ele¬ 
vation.  Superposition  techniques  are  used  to  compute  heave 
at  any  point  within  the  elastic  body. 

The  computer  solution  takes  the  excavation  blocks  and 
divides  them  into  a  series  of  slabs,  the  thickness  of  which 
is  controlled  by  the  program  user.  As  each  slab  is  located 
at  a  different  elevation,  and  therefore  in  different  strata, 
the  force  per  square  foot  and  the  vertical  distance  to  a 
specified  rebound  point  will  be  different  for  each  slab. 
Superposition  within  the  computer  solution  will  therefore 
not  only  be  in  the  usual  horizontal  sense  but  also  in  the 
vertical . 

The  location  of  the  reference  coordinate  axes  must  be 
outside  the  entire  excavation  area.  Their  orientation  should 
be  such  that  they  parallel  the  exterior  boundary  of  the  ex¬ 
cavation.  The  sides  of  the  rectangular  excavation  blocks 
must  be  either  parallel  or  perpendicular  to  a  particular 
axis . 


. 

. 
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The  contribution  to  rebound  at  a  specific  point  due 
to  the  removal  of  M  excavation  slabs,  all  at  the  same  eleva¬ 
tion,  can  be  written  as 


W  ■ 


i  2  i  =M  0  %  ,  ,  ,  x  i  =M 

t  Z  -  (1~2^(1  p)  t  Z  ViM 


where  Z. 

J 

a 

b 

q 

A 

B 

M 

n 


the  depth  of  the  point  below  the  bottom  of  the 
excavation  slab 

width  of  the  rectangular  excavation  slab 
length  of  the  rectangular  excavation  slab 
unload  of  slab  in  kips  per  square  foot 
f (m,n) 

f (m,n) 

b 

a 

Z 

a  * 


The  removal  of  succeeding  excavation  slabs  yields  the 
total  heave. 


j  =  N 

A  =  l  A.(Z.) 
j  =  l  J  J 


where  N  =  the  total  number  of  excavation  layers. 
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Rebound  points  at  which  heaves  are  computed  can  be 
at  any  location.  However,  the  method  of  computation  is 
dependent  on  this  location  of  the  rebound  point.  If  the 
point  is  located  at  the  ground  surface,  the  contribution 
to  heave  from  all  excavation  slabs  is  computed  with  Z  =  0.0. 

If  the  point  is  located  within  the  soil  body  but  above  the 
maximum  depth  of  excavation,  the  contribution  of  the  slabs 
above  the  point  will  be  computed  with  a  variable  depth  Z. 

The  contribution  to  heave  of  slabs  lower  than  the  point  will 
be  calculated  with  Z  =  0.  If  the  rebound  point  is  located 
below  the  maximum  depth  of  excavation,  the  contribution  from 
all  slabs  will  be  calculated  with  a  variable  depth  Z. 

Settlements  are  computed  for  a  specified  variation  of 
Young's  modulus  and  Poisson's  ratio  and  are  presented  in 
tabular  form  for  each  footing  centroid.  The  variation  of 
the  above  elastic  parameters  is  defined  with  three  numbers. 

For  example,  settlements  may  be  computed  for  a  series  of  foun¬ 
dation  moduli  which  starts  at  a  particular  value  and  is  in¬ 
cremented  by  a  particular  value  a  specified  number  of  times. 

Operational  Characteristics 

Maximum  number  of  soil  types  £  10. 

Maximum  number  of  rebound  points  £  50. 

Maximum  number  of  excavation  blocks  £  100. 

Required  computer  storage  =  100  K. 
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Input 

Card  (A)  Variation  of  Elastic  Parameters. 

(F10.0,2X,F8.0,7X,I3,5X,F5.3,5X,F5.3,7X,I3) 

Col umns 

1-10  Young's  modulus  in  psi  at  which  computations  start 
13-20  Increment  of  Young's  modulus  in  psi 
28-30  Number  of  increments  <_  15 

36-40  Poisson's  ratio  at  which  computations  start 

46-50  Increment  of  Poisson's  ratio 

58-60  Number  of  increments  -  quantity  not  limited. 

Card  (B)  Depth  of  Excavation  Layers. 

(6X,F4.1  ) 

Columns 

7-10  Excavation  layer  depth  in  feet  (e.g.,  1.0  foot). 

Card  (C)  Number  of  Soil  Types  in  Stratigraphic  Profile. 

( 3  X , 12) 

Col umns 

4-5  Number  of  soil  types;  <_  10. 

Card  (D)  Soil  Types  -  Number  of  cards  must  equal  value  indi¬ 
cated  on  Card  C.  Cards  must  be  in 
order  of  increasing  depth  below  ground 
surface. 

(A4,6X,F6.1 ,4X,F5.1 ,5X,30X,F5.3) 
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Columns 

1-4  Alphanumeric  name  of  soil  type 
11-16  Elevation  of  upper  surface  of  stratum;  in  feet 
21-25  Thickness  of  stratum;  in  feet 

61-65  Total  unit  weight  of  excavated  soil;  in  kips  per 
cubic  foot. 

Note  -  Only  the  strata  in  which  excavation  takes  place 
need  be  entered.  If  the  thickness  of  the  lowest  stratum  is 
not  known  an  arbitrary  value  can  be  specified.  The  resulting 
bottom  elevation  of  the  stratum  must  be  below  the  bottom 
elevation  of  the  deepest  excavation  block. 

Card  (E)  Number  of  Rebound  Points. 

( 3  X ,12) 

Columns 

4-5  Total  number  of  points  at  which  rebounds  are  to 
be  cal cu 1  a  ted  ;  £  50  . 

Card  (F)  Rebound  Point  Locations. 

( 1 2 , 3X , F6 . 1 , 4X , F6 . 1  ,4X,F6.1  ) 

Col umns 

1-2  Rebound  point  identification  number 
6-11  X  -  coordinate  of  point;  in  feet 
16-21  Y  -  coordinate  of  point;  in  feet 
26-31  Elevation  of  point;  in  feet. 


' 
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Card  (G)  Title  of  Excavation  Data. 

(17A4) 

Card  (H)  Number  of  Excavation  Blocks. 

( 3  X  ,  1 2 ) 

Col umns 

4-5  Number  of  excavation  blocks;  £  100. 

Card  (I)  Excavation  Block  Data. 

(F5.1  ,5X,F5.1  , 5X , F6 . 1  ,4X,F6.1  ,4X,F6.1  ) 

Columns 

1-5  Length  of  block  in  X-direction;  in  feet 

11-15  Length  of  block  in  Y-direction;  in  feet 

21-26  X  -  coordinate  of  excavation  block  centroid;  in  feet 

31-36  Y  -  coordinate  of  excavation  block  centroid;  in  feet 

41-46  Elevation  of  bottom  of  excavation  block;  in  feet. 


•  V. 
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COMPUTER  PROGRAM  LISTING 


G  LEVEL  1,  MOD  4  MAIN  DATE  =  70316  18/43/51 

C 

C  ****************************************************************** 

C  ELASTIC  REBOUND  OF  THE  FOUNDATION  DUE  TO  EXCAVATION:  J.  DEJONG 

C  THIS  APPROXIMATE  SOLUTION  IS  BASED  ON  THE  ASSUMPTION  THAT  THE  BODY 

C  UNDERGOING  REBOUND  IS  HOMOGENEOUS t I SOTROP I C  AND  OF  SE MI - I NF I N I TE 

C  EXTENT. 

C  ***  *********  ****  *  *****  **  ****************  *****  **  **********  **  *  **  **  ** 

C 

DIMENSION  NAME! 10) .TITLE ( 17) ,QCOMP( 100 ) , REB I ( 30 ) , EV< 30 » 

COMMON/ SOI L/ELEV (  1 0  >  ,  T  (  1 0  )  ,  G  <  10  ) 

CCMMON/RBPD/IRBI 50 ),XP<  50),YR(50) ,RB(50) 

COM MON /LOAD/ DAI 1C0),DB(1G0),X(100),Y(1C0),EEXC(100) 

COMMON/ LOLA/ BOT ( l 00 ) , C AL C ( 1 00 , 1 00 ) ,M,NUMB 

****************************************************************** 
READ  AND  PRINT  INPUT  DATA 

*  **  *************************************************************** 


READ  VARIATION  OF  ELASTIC  PARAMETERS. 

READ! 5, 12)ELAS,DELAS,NEL, PR,DPR,NPR 
READ  DEPTH  OF  EXCAVATION  SLAB. 

RE  AD ( 5 , 2 ) DEL 

2  FORMAT ( 6X,F4.1 ) 

12  FORMAT  (F10.0»2X,F8.0,7X» I3»  5X»F5.3»  5X,F5.3»7X» 13) 

******#t!***#4l<!*  +  <I##**^*<[##*#**<t**lM!<!**»*<[*****#**  +  *********^***#*# 

READ  SOIL  DATA 

****  *******  ****  *********  *******  *********************  ************** 
READ! 5,3)L 

READ(5,4) (NAME( J) ,ELEVl J  ),T< J) ,GIJ) *  J= 1 »  L ) 

3  FORMAT ( 3X  ,  I  2 ) 

4  FORMAT (A4,6X,F6.1, 4X ,F5. l,5X,30X,F5.3) 

********  ********************************************  ************** 
READ  REBOUND  POINT  DATA. 

*****************************  ************************************* 
READ! 5,3)K 

READ  REBOUND  POINT  LOCATIONS. 

READ (5,31 ) ( I  RBI J ) , XR( J ) , YR ( J) ,RB( J) « J=1,K) 

31  FORMAT ( I  2, 3X ,F6. 1,4X, F6.1 ,4X,F6. 1 ) 

****************************************************************** 
READ  EXCAVATION  BLOCK  DATA. 

****************************************************************** 


READ( 5, 30) (T ITLE (  I  )  ,1=1, 17) 
READ! 5,3  )M 


•  ».)'>' T.M  'I  '  •:  •"  M 


. 


■ 


' 


ooono  oooooo  oooon 


G-8 


G  LEVEL  1,  MOO  4  MAIN  DATE  =  70316  18/43/51 

READ(5»32)(DA(J),DR(J)»X(J),Y(J),EEXC(J),J=1,M) 

30  FORMAT ( 1 7  A4 ) 

32  FORMAT (F5. 1, 5X,F5.1 ,5X,F6. 1 ,4X,F6. 1 ,4X, F6. 1) 

***ft$***4c:fr$«**#«*$6$#**$4t£$*#*4r4****9*<t$:fr*«*****<t******$*:t*4t:tE*4t*#:fr 

OUTPUT  SOIL  ANO  REBOUND  POINT  DATA. 

$*****<t**MMc**«*>(t*:*$4c<t«***«i<r***:fc*4:$i$*:******r:fc**<[<t****#***$:<r****$t*$** 

WRITE (6, 34) ( TITLE (I ) *1=1, 17) 

WR I T  E ( 6 1 33  )  L 
WR I T  E ( 6 , 35 ) 

WRITE(6,36)(NAMF(J),ELEV(J)  ,T  (  J )  ,G(  J ) , J= 1 , L ) 

WRITEI6.37) 

WRITE! 6,381 
WRITE! 6, 39) 

WRITE (6,40) ! IRB! J ) ,XP ( J ) ,YR( J) ,RB(  J) , J=1,K) 

WRITF (6,41) (TITLE! I ) ,1=6,17) 

33  FORMAT(28X, • SOIL  PROFILE  -  ',12,'  LAYER  SYSTEM*,/) 

34  FORMAT (1H1,25X,17A4,//) 

35  FORMAT ( 30X STRATUM  ELEVATION  DEPTH  U N I T '  ,  /  ,  38X , • T OP  BOUND. 

1  WEIGHT*,/) 

36  FORMAT ( 3 IX , A  4 , 4X , F 6 . 1 ,4X,F5. 1,3X,F5.3) 

37  FORMAT  ( 3 IX ,  *  NOTF  ALL  UNITS  ARE  IN  TERMS  OF  KIPS  AND  FEET*,//) 

38  F0RMAT(28X, • REBOUND  POINT  DATA*,/) 

39  FORMAT ( 30 X , ' PO I  NT  X  COORD.  Y  COORD.  ELEVATION',/) 

4C  FORMAT (31X,I2,5X,F6.1 ,3X,F6. 1,4X,F6. 1  ) 

41  FORMAT (// ,28X, • EXCAVATION  DATA* , 12A4,//, 30X, * EXCAV.  LENGTH  WIDTH 
1  X  COORD.  Y  COORD.  BOT.  ELEV.  LOAD'/) 

COMPUTE  THE  REDUCTION  IN  VERTICAL  STRFSS  QCOMP  AT  ELEVATION 
EEXC  DUE  TO  EXCAVATION  TO  THIS  ELEVATION. 

*$**:***$$*#*  $****:*$*  $$***#*$  #$**$**$***$$:*******$** 

DO  10  1  =  1, M 
QCOMP ( I ) =0  .0 
DO  11  J=1,L 
EL=  ELEV ( J  ) -T ( J ) 

I F ( E EXC (  I  ).LT.EL)  GO  TO  11 
DO  21  K I  =  1 ,  J 
I  F  (  K I  .  NE  .  J  )  GO  TO  13 

QCOMP! I )=QCOMP( I ) +G( K I ) * ( ELE V ! K I ) -E EXC < I ) ) 

GO  TO  10 

13  QCOMP! I ) =QCOMP(  I ) +G( K I ) *T  C  K I  ) 

21  CONTINUE 
11  CONTINUE 
10  CONTINUE 

OUTPUT  EXCAVATION  DATA. 

WRITE(6,42)(J,DA(J),DB!J),X(J),Y(J),EEXC(J  ) ,  QCOMP  (  J  )  ,J=1,M) 

C 

C  FIND  EMAX  AND  EMIN,  RESPECTIVELY  THE  ELEVATION  OF  THE 


- 


. 


' 


- 
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SHALLOWEST  AND  THE  DEEPEST  EXCAVATION. 

EMI N=EEXC  ( 1 ) 

EMAX  =  EEXC (  1 ) 

DO  9  KK=  1 »  M 

1 F( E  M  I N-EEXC ( KK ) )  7,9,8 

8  EM  I N=  EEXC ( KK ) 

GO  TO  9 

7  I F( EMAX-EEXCI KK) )  6,9,9 
6  EMAX=EEXC (KK) 

9  CONTINUE 

WRI TE ( 6, 1 ) EMAX 
WRITE( 6,50)EMIN 
WP I T  E ( 6 , 44 ) DE L 

1  FORMAT (  /  ,28X, 'MIN.  DEPTH  OF  EXC.  ',F6.1) 

42  FORMAT (3 IX, 12 ,4X,F5 .1 ,3X,F5.1 ,2X,F6. I,3X,F6. 1, 5X,F6.1 ,3X,F5.2) 

44  FORMAT!/, 28X,' IN  THIS  RUN  DEL=',F4.1) 

50  FORMAT (28X, ' MAX.  DEPTH  OF  EXC.  *,F6.1) 

DETERMINE  EXCAVATION  UNLOAD  MATRIX  AND  OUTPUT  EXCAVATION  LOAD 
CONF I GUR  AT  I  ON . 

€**«**&$*##$*4*ft$*$#*4‘******4'44**#*****#$$***4‘*****4'*4‘<<**4'*#*4'*4'#* 

WRITE(6»18)(J*J=1,M) 

DAT=  EL  EV  (  1) 

RMEM=0 .0 
DO  80  IN-lflOO 
XYZ=0.0 
DAT=  DAT-DEL 
BOT ( I N ) =DAT 
DO  70  J=1 , L 
EL=ELEV ( J )-T ( J ) 

I F ( DAT.LT.EL)  GO  TO  70 
DO  71  KI = I , J 
I F { K I .NE . J )  GO  TO  72 
XYZ=XYZ*G(KI  )*(ELEV(KI  )-DAT) 

GO  TO  73 

72  XYZ=XYZ+G( KI  )*T(KI  ) 

71  CONTINUE 

70  CONTINUE 

73  POT  =  DAT  +DE  L 
DO  74  I  =  1 ,  M 

I F ( E EXC (  I)  .LT.POT)  GO  TO  75 
CALC (  IN, I )=0.0000 
GO  TO  74 

75  I F( EEXC(  I ) .LE  .DAT  )  GO  TO  76 
FRAC={ POT-EEXC! I ) ) /DEL 

CAL  C ( IN, I )  =  ( XYZ-RMEM) *FRAC 
GO  TO  74 

76  CALC!  IN, I )  =  XYZ-RMEM 

74  CONTINUE 

WRITE (6, 77) BOT (  I N ) , (C ALC ( I N, I ) , I  =  1 ,  M ) 

NUMB  =  I  N 
RMEM=XYZ 


■ 


' 
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IF { DAT. LE .EMIN)  GO  TO  78 
80  CONTINUE 

18  FORMAT! 1H1 ,2 8X,  •  LOAD  CONF IGURAT ION'  ,//  ,2X, 'LAYER' , 24 (IX, 13, IX)) 

77  FORMAT! 1  X , F 6. 1 , 24F 5 . 2 ) 

****************************************************************** 
COMPUTE  CONTRIBUTION  OF  ALL  EXCAVATION  BLOCKS  TO  REBOUND  AT  POINT 
"  I R  B  (  L  I  )  "  . 

ft***************************************************************** 

78  WRITE! 6, 5) 

DO  14  L I =1 , K 
WRITE!6,23) IRB(LI ) 

CA=0 . 0 

CB  =  C .  0 

I F ! RB ( L I  ) .LT.ELEV! 1)  )  GO  TO  28 
R  B  ( L  I  )  =  EL  EV  (  1  ) 

28  CONTINUE 

CALL  RBNDC  !CA,CB,LI) 

COMPUTE  HEAVE  FOR  VAR AT  ION  OF  ELASTIC  PARAMETERS. 

DO  20  J= 1 » NPR 
CD=J-1 

POR=PR+CD*DPR 

AP0R=1 ,0-POR**2 

BPOR=  !  1.0-2.0*POR)  *(  1  .O+POR) 

DO  17  1=1, NEL 
CEL= 1-1 

EV!  I  )  =  ELAS+CEL*DELAS 

REBI  ( I  )=(  (  APOR*CA)-(  BPOR*CB)  )/EV  (  I ) 

17  CONTINUE 

IF! J.NE. 1)  GO  TO  25 
5  FORMAT ( 1H1 , 1 X ) 

23  FORMAT!//, IX, 'REBOUND  PO INT ’ , 1 3 , // , 1 X , ' PO I S .  RAT  10' , 30X,  'MODUL I ' ) 

♦  ♦***#***<t**»<!**»*t*****4***»**<it*#*#***<t***##************<r****t** 

OUTPUT  REBOUND  RESULTS  FOP  POINT  "IRBILI)". 

****  *  *  **  *****  ********  ***  *******  **  **  *****  ************************** 

WRITE!6,24)( EV! I) ,1=1, NEL) 

25  WRITE !6, 26) POR, ( REBI! I ) , 1=1, NEL) 

20  CONTINUE 

WRITE ( 6, 29) 

14  CONTINUE 

24  FORMAT ( 11X,15( 1X,F7.0)  ) 

26  FORMAT (3X,F5.2,2X,15(3X,F5.3) ) 

29  FORMAT (7X, 'NOTE  -  MODULI  IN  PSI.J  SETTLEMENT  IN  INCHES') 

STOP 

END 


'  > 
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SUBROUTINE  RBNDC  (CA,CB,IN» 


COMPUTE  ELASTIC  HEAVE  FOR  REBOUND  POINT  “IN". 


DIMENSION  RF ( 4 ) *  RG( 4 ) 

COMMON  /LOAD/A(10U),R<100),C<100),0(100),E(100) 

COMMON  /RBPD/ IR( 5D) ,F (50 ) , G(50 ), H( 50  ) 

COMMON  /LOLA/AA( 100) , BB( 100, 100) ,MM,NN 

DO  16  J  =  1 , MM 

RR  =  A ( J ) / 2 . 0 

SS  =  B (  J ) /2 . 0 

DA  =  ABS(C(J)-F( IN)  ) 

DB=ABS (D(J)-G(IN)) 

DO  18  NOT=l,NN 

DETERMINE  WHETHER  THE  EXCAVATION  OF  EXC.  AREA  J  AND 
SPECIFICALLY  ITS  NTH  SOIL  LAYER  CONTRIBUTES  TO  THE  TOTAL 
REBOUND. 

IF(BB(NOT,J).LT. 0.0001)  GO  TO  16 
Z=  AA ( NOT ) — H(  IN) 

IF(Z)14, 15,15 

14  Z=0. 00000 

15  CONTINUE 

DO  7  MR  =  1 , 4 

GO  TO  (  1 ,2,3,4) , MR 

1  W=DA+RR 
V=DB+SS 
GOTO  5 

2  W=ABS ( DA-RR ) 

G0TO5 

3  V=ABS ( DB-SS) 

GOTO  5 

4  W=D A+RR 

5  IF(W.EQ.O.O.OR.V.EO.O.O) GO TO l 2 
I F ( W.LT.VJG0T06 

R=W/V 

T=Z/V 

s=v 

GO  TO  17 

6  R=V/W 
T=Z/W 

s= w 

GO  TO  17 
12  RF ( MR ) =0. 0 
RG( MR  )  =  0 .0 
GO  TO  7 

17  Q=SQRT(R**2+T**2-*-1.0) 

QA= ALO  G(  ( Q+P ) /(Q-R) ) 

QP=P*ALOG(  I  Q*- 1. 0  )  /  (  Q-l  .0  )  ) 

RF<MR)=S*(QA*QB) 

IF( Z.EQ.O.O)  GO  TO  13 
VAL=R/ (T*Q) 

RG(MR)=Z*ATAN(VAL) 

GO  TO  7 


.  , 
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13  RG( MR  )=0 .0 

7  CONTINUE 

IFIDA.LE.RP. AND. DB.LE.SS)  GO  TO  8 
IF(DA.LE.RR)  GO  TO  9 
IF(DR.LE.SS)  GO  TO  10 
C  CASE  1 

FE=RF( 1 ) —  RFC 2 )  *RF (3 )-RF (4) 

FG=RG! 1)-RG(2)+PG(3)-RG(4) 

G0T011 
C  CASE  2 

9  FE=RF( 1 ) +PF ( 2)-RF(3)-RF(4) 

FG=  RG ( 1) +RG(2)-RG(3)-RG(4) 

G0T011 
C  CASE  3 

10  F  E=RF ( 1 )  —  R F ( 2  >  —  R F ( 3 ) +RF ( 4 ) 

FG=  RG ( 1  )-RG(2)-P.G(3)+RG(4) 

GOTO 1 1 

C  CASE  4 

8  FE  =  RF(1)  +  P.F(2)  +  RF(3)  +  RF(4) 
FG=PG(1)+RG(2)+RG(3H-RG(4) 

11  C A=C  A*  RB (  NOT  , J ) *FE 
C  B=C  8-*- BB  (  NOT  »J)*FG 

18  CONTINUE 
16  CONTINUE 

CA=( CA/3 .14159)* ( 1000.0/24.0) 
CB=(CB/3 .14159)*! 1000.0/24.0) 
RETURN 
END 
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COMPUTER  RESULTS 

REBOUND  COMPUTATION  -  EXCAVATION  AGT  -  SEPT.  13,1969 


SOIL  PROFILE  -  4  LAYER  SYSTFM 


STRATUM 

ELEVAT1 ON 

DEPTH 

UNIT 

TUP  BOUND. 

WF I GHT 

LEC 

2231.0 

18.0 

0.119 

TILL 

2213.0 

32.0 

0.131 

SSCG 

2181 .0 

10.0 

0.125 

BEOR 

2171.0 

500.0 

0.135 

NOTE  - 

ALL  UNITS 

ARE  IN 

TERMS  OF 

REBOUNO  POINT  DATA 


POINT 

X  COORD. 

Y  COORD. 

ELEVAT ION 

1 

358.0 

239.9 

2186.5 

2 

351.8 

255.3 

2186. 5 

3 

351 . 8 

283.8 

2186.5 

4 

351.8 

312.3 

2186.5 

5 

358.0 

342.0 

2186.5 

6 

372.6 

324.2 

2196.0 

7 

372.6 

300.4 

2196.0 

8 

372.6 

281.4 

2196.0 

9 

372.6 

257.7 

2196.0 

10 

384.4 

239.9 

2195.0 

11 

391.6 

276.7 

2197.7 

12 

391.6 

315.2 

2197.7 

13 

427.  2 

324.2 

2200.0 

14 

410.6 

257.  7 

2198.5 

15 

412.9 

239.9 

2201.0 

16 

441.4 

239.9 

2205.0 

17 

458.  1 

257.7 

2198. 5 

18 

458.1 

324.2 

2198.5 

19 

477.  1 

315.2 

2197.7 

20 

477.  1 

276.7 

2197.7 

21 

469.9 

236.9 

2205.0 

22 

498.4 

236.9 

2205.0 

23 

496.  1 

257.7 

2198.5 

24 

496.1 

300.4 

2198. 5 

25 

496.1 

324.2 

2198.5 

26 

516.8 

312.3 

2202.5 

27 

516.8 

269.6 

2205.0 

28 

514.  8 

239.9 

2205.0 

EXCAVATION  DATA- 

EXCAVATION  AGT 

-  SEPT.  13 

,  1969 

EXCAV. 

LENGTH 

WIOTH 

X  COORD. 

Y  COORD. 

BOT.  ELEV. 

LOAD 

1 

79.6 

210.0 

310.  2 

241.0 

2190.0 

5.15 

2 

85.5 

170.0 

227.7 

261.0 

2192.0 

4.  89 

3 

100.0 

170.0 

134.9 

261.0 

2194.0 

4.63 

4 

65.0 

266.0 

52.  4 

164.0 

2194.0 

4.63 

5 

52.0 

48.0 

58.9 

291.0 

2194.0 

4.63 

6 

24.8 

25.0 

72.5 

327.5 

2194.0 

4.63 

7 

10.0 

1  81.0 

14.9 

174.0 

2213.0 

2.14 

8 

65.0 

31.0 

52.4 

15.5 

2228.0 

0.  36 

9 

72.0 

34.0 

121.0 

17.0 

2225.0 

0.71 

10 

32.0 

26.0 

1  73.0 

21.0 

2221.0 

1.19 

11 

32.0 

26.0 

205.0 

21.0 

2213.0 

2.  14 

12 

32.0 
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APPENDIX  H 

ELASTIC  SETTLEMENTS  OF  UNIFORMLY  LOADED 
RECTANGULAR  FOOTINGS  ON  A  HOMOGENEOUS, 
ISOTROPIC,  SEMI-INFINITE  BODY 


H-l 


Solution  Description 

The  solution  presented  here  is  based  on  the  standard 
equations  of  elasticity  for  the  settlement  of  a  corner  of 
a  rectangular,  flexible,  uniformly  loaded  area.  The  soil 
medium  is  considered  to  be  a  homogeneous,  isotropic,  semi¬ 
infinite  mass.  Superposition  techniques  are  used  to  enable 
computation  of  settlements  at  footing  centroids  due  to  multiple 
footing  foundation  systems. 

The  equations  used  in  the  solution  are  identical  with 
those  described  earlier  in  Appendix  E.  This  computer  pro¬ 
gram  uses  a  single  load  set  and  calculates  settlements  for 
a  single  value  of  Young's  modulus  and  Poisson's  ratio. 
Settlements  are  computed  at  the  centroids  of  all  input  foot¬ 
ings.  If  settlements  are  desired  at  other  locations,  these 
are  specified  as  "dummy"  footings  which  have  a  precise 
coordinate  location  but  have  unit  length  and  width  and  zero 
load.  These  "dummy"  footings  are  included  at  the  end  of 
the  footing  load  data  set. 

The  restrictions  given  in  Appendix  E  for  definition 
of  coordinate  axes  relative  to  footings  are  applicable  here 
as  well. 

Operational  Characteristics 

Maximum  number  of  footings  £  50. 

Required  computer  storage  =  100  K. 
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Input 

Card  (A)  Deformation  Parameters. 
(1X,4X,F10.0,F5.2) 

Co  1  urn  ns 

6-15  Young's  modulus  in  psi 
16-20  Poisson's  ratio. 


Card  (B)  Title,  Load  Data  Set. 
( 1 7A4) 

Card  (C)  Number  of  Footings. 

( 2  X  ,  1 3  ) 


Col umns 

3-5  Number  of  footings. 
Card  (D)  Footing  Load  Data 
( 13 , 1 X , 5F7  . 1  ) 


number  of  cards  must  equal  the 
value  specified  on  Card  C. 


Columns 

1-3 

Footing  identification  number 

5-11 

X  -  coordinate  of 

footing  in  feet 

12-18 

Y  -  coordinate  of 

footing  in  feet 

19-25 

Length  of  footing 

in  x - d i r e c t i o n  in 

feet 

26-32 

Length  of  footing 

in  y-di recti  on  in 

feet 

33-39 

Footing  load  in  kips. 

•  ' 

s  I 
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Output 

The  input  data  and  the  results  of  the  calculation 
are  printed  out  on  a  single  table  as  shown  in  the  accompany¬ 
ing  program  listing. 

Additional  Remarks 

For  a  specific  geometric  configuration  of  footings 
and  points  at  which  settlements  are  computed,  there  is  the 
possibility  that  error  messages  may  be  given.  The  method 
for  correcting  this  situation  was  presented  in  Appendix  E. 


' 
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NOV  68)  0S/360  FORTRAN  H 

CMPILFR  OPTIONS  -  NAM  E  =  M A  I N , OPT =02 , L I NFCNT  =  5 9 , SOUR C E , E PC D I C , NOL I  ST , NODECK , L 


ELASTIC  SETTLEMENT  OF  RECTANGULAR  FOOTINGS  ON  A  SEM  I- INF  IN  I TE 
PLANE  -REQUIRES-  SINGLE  LOAD  SET,  YOUNGS  MODULUS  AND  POISSONS 
RATIO 

***************************************************************** 

DIMENSION  X(50)  »Y(50)»A!50)»B{50)»P(50)  *Q(50),SETI(50),TITLE(17)» 
1 IRI50) 

***************************************************************** 
READ  DATA 

***************************************************************** 
READ! 5,15)E,U 

READ! 5,90) (TITLE (I) ,1=1,17) 

READ ( 5 , 1 0 ) N 

READ  (5, 11)  (  IR  (J  ),X(J),Y(J) , A(J ) ,B{ J) ,P( J), J=1,N) 

10  FORMAT! IX, IX, 13 ) 

11  FORMAT! 13, IX, 5F 7.1 ) 

15  FORMAT! 1 X , 4 X , F 1 0 . 0 ,  F 5 . 2 ) 

90  FORMAT! 17A4) 

**************  **  *  ******  *  ****  *********************************** 
INITIALIZE  AND  COMPUTE  FOOTING  CONTACT  PRESSURE 
*  **************************************************************** 

D030 J=1 , N 

SET  I ( J ) =0 . 0 

Q(  J)=P( J)/ (A! J ) *B ( J )  ) 

30  CONTINUE 

***************************************************************** 
COMPUTE  SETTLEMENT 

**  *******  **  ***************************  ******  ********************* 
D032 1=1 , N 

IF!  P( I ) . EQ. 0.0 ) G0T032 

RR-A! I  )/2.0 

SS=B ( I ) /2.0 

0031 J  =  1  ,  N 

DA= ABS ( X ( I ) -X! J ) ) 

DB= APS ( Y ( I )— Y(J) ) 

F I  =  F E  (  RR , S S , DA , DB ) 

SETI(J)  =  SETI (J) +!Q! I ) /O .144 ) *1  ( 1.0-U**2 ) /E ) *FI *12 .0 

31  CONTINUE 

32  CONTINUE 

************  **  *************************************************** 

OUTPUT  INPUT  DATA  AND  RESULTS 

******* ** ***  **** **** ***  ***  ** **  *********  ****************  ********** 

WRITE(6,17)E,U 

WRITE (6, 90) < TITLE  II), I  =  1,17) 

WR I TE ( 6 , 14 ) 

WRITE! 6, 13) 

WRITE(6,12)(IR(J),X!J),YIJ),A(J),B!J),P(J),Q!J),SETIIJ),J=1,N) 


' 


’ 
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12  FORMAT ( 1X,6X,I2,2X,F7.1,1X,F7.1,2X,F7.1,1X,F7.1,3X,F7.1,5X,F5.2,14 
1X»F5.2 I 

13  FORM  AT (  1 1 X ,  7HX  (FT.),1X,7HY  (FT.),2Xf7HA  !FT.),2X,7HB  (FT.)f2X,8HP 

1  !  KIPS)  ,  3X,  8HQ  !KSF.),'  INCHES',/) 

14  FORMAT (/,6X, • FTG.  COORDINATES  DIMENSIONS  LOAD  PRE 

1SSURE  SETTLEMENT') 

17  FORMAT! 1H1,6X, 'MODULUS  OF  ELASTICITY  =•  ,F10. 0, l X, • PSI .  POISSONS 
1RATI0  =  ' »  F  5.2, // ) 

STOP 

END 

:  COMPILATION  ****** 


NOV  68)  OS/360  FORTRAN  H 

1MPILER  OPTIONS  -  NAM  E=  M AI N , 0PT  =  02 , L 1 NECNT=59 , SOURC E , E BCDI C , NOL I  ST , NODECK , L 
FUNCTION  FE  (X,Y,A,B) 

C 

C  ***i********w*,*»»*******#<[***t#»**(i*****»«  *********»♦*♦**»♦*»♦* 

C  CALCULATE  INFLUENCE  COEFFICIENT  COMPONENTS 

C  $$$##**#****$<t*#*£$**$:Ct*****c******<:***$$*j(t*$***<t+******#*$4t****** 

C 

DIMENS IONRF ( 4) 

D07M=1 , 4 
GOTO! 1,2, 3,4), M 

1  W=A  +  X 
V=B+Y 
G0T05 

2  W=ABS ( A-X ) 

GOTO  5 

3  V=ABS( B-Y) 

G0T05 

4  W=A+X 

5  IF!W.EQ.O.O.OR.V.EQ.O.O)GOT012 
IF(W.LT.V) G0T06 

R  =  W/V 

RF!M)=V*FG  (R) 

GO  TO  7 

6  R=V/W 
RF!M)=W*FG  (R) 

GO  TO  7 

12  RF( M) =0 .0 

7  CONTINUE 

IF! A.LE.X. AND.B.LE.YIG0T08 
IF(A.LE.X) GOT  09 
IF! B.LE.YIG0T010 
C  CASE  1 

FE  =  RF ( 1  )-RF!2)+RF(3)-RF(4) 

GO  T  0 1 1 
C  CASE  2 

9  FE  =  RF  !  1  )  +  RF ( 2  )  -  RF  !  3 )-RF (4) 

GO TO 1 1 
C  CASE  3 

10  FE=RFll )-RF!2)-RF(3)+RF(4) 

GOTO  11 

C  CASE  4 

8  FE  =  RF (  1  )  +  RF(2)*RF!3)«-RF(4) 

11  RETURN 
END 


COMPILATION  ***♦*♦ 
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NOV  68) 


OS/360  FORTRAN  H 


OMPILER  OPTIONS  -  NA«E  =  M A I N , DPT =02 , l INE CNT  =  59 , SOURC E , E BCD  I C , NOL I  ST , NODECK  ,  t 
FUNCTION  FG  (R) 


C 

C 

C 

C 

C 


It:*******:****:**:**************:******:*##**  $*$***«:***$#******#$**$*** 

ARITHMETIC  FUNCTION 


A=SQRT(R**2+1.0) 
B=R*ALOG( ( 1 .0*A)/R) 
C=ALOG ( R+A) 

FG=  (  B  *C  )  /  3 . 1 41 6 

RETURN 

END 


IF  COMPILATION  ****** 


MODULUS  OF  ELASTICITY  =  40590.  PSI.  POISSONS  RATIO  =  0.40 


LOAD  DATA  -  AVOPO  ARMS  BLDG.  CONSTRUCTION  COMPLETE 


FTG. 

COOROI NATES 

DIMFNSIONS 

LOAD 

PRESSURE 

SETTLEMENT 

X  (FT. )  Y 

(FT.  ) 

A  (FT. ) 

B  (FT. ) 

P  (KIPS) 

0  (KSF.) 

INCHES 

1 

201.  5 

46.  5 

16.0 

8.0 

1942.0 

15.1  7 

0.74 

2 

159.0 

50.0 

8.0 

8.0 

1496.0 

23.38 

0.92 

3 

138.0 

50.0 

8.0 

8.0 

1376.0 

21.50 

0.91 

4 

75.0 

50.0 

8.0 

8.0 

1276.0 

19.94 

0.87 

5 

12.0 

44.0 

8.0 

13.0 

1900. C 

18.27 

0.74 

6 

33.0 

68.0 

7.0 

5.5 

1017.0 

26.42 

C .  87 

7 

54.  0 

65.5 

8.0 

8.0 

1336.0 

20.88 

0.92 

B 

75.  0 

68.0 

7.0 

5.5 

1017.0 

26.42 

1.02 

9 

106.  5 

63.0 

7.0 

2.5 

454.0 

25.94 

0.90 

10 

159.0 

65.5 

9.0 

9.0 

1440.0 

17.78 

0.94 

11 

1  80.0 

80.0 

7.0 

7.0 

1100.0 

22.45 

0.89 

12 

138.  0 

80.0 

8.0 

8.0 

1376.0 

21.50 

1.02 

13 

117.  0 

82.5 

8.0 

8.0 

1172.0 

18.31 

0.96 

14 

P4.  3 

82.6 

8.0 

8.0 

1200.0 

18.75 

0.96 

15 

75.0 

80.0 

7.0 

7.0 

1156.0 

2  3.59 

1.00 

16 

75.0 

98.0 

8.  0 

8.0 

1300.0 

20.31 

0.68 

17 

117.0 

98.0 

8.0 

8.0 

1292.0 

20.19 

0.90 

18 

159.0 

98.0 

8.0 

8.0 

1496.0 

23.38 

0.92 

19 

180.0 

98.0 

10.0 

10.0 

1450.0 

14.50 

0.79 

20 

20 1 .  5 

56.5 

8.0 

8.0 

1056.0 

16.  50 

0.74 

21 

18  0.0 

50.  C 

10.0 

10.0 

1450. C 

14.50 

0.79 

22 

117.0 

50.0 

7.0 

7.0 

1132.0 

23.  10 

0.91 

23 

96.0 

50.0 

7.0 

7.0 

1120.0 

22.86 

0.90 

24 

54.  0 

50.0 

8.0 

8.0 

1212.0 

18.94 

0.83 

25 

33.0 

50.0 

8.0 

8.0 

1 34*. 0 

21.00 

0.81 

26 

12.0 

56.5 

8.0 

8.0 

1018.0 

15.91 

0.71 

27 

94.0 

67.0 

7.  5 

11.0 

984.0 

11.93 

0.91 

28 

119.0 

67.0 

7.5 

11.0 

984.0 

11.93 

0.92 

29 

138.0 

68.0 

7.0 

5.5 

1017.0 

26.42 

1.05 

30 

180.0 

68.0 

7.0 

7.0 

1100.0 

22.45 

0.89 

31 

84.0 

70.  5 

8.0 

8.0 

1298.0 

20.28 

1.03 

32 

129.0 

70.5 

8.0 

8.0 

1298.0 

20.2  8 

1.05 

33 

33.0 

80.0 

7.0 

5.5 

1017.0 

26.42 

0.87 

34 

54.0 

82.5 

8.0 

8.0 

1336.0 

20.88 

0.92 

35 

159.0 

82.5 

9.0 

9.9 

1440.0 

17.78 

0.94 

36 

12.0 

91.5 

8.0 

8.0 

1018.0 

15.91 

0.71 

37 

12.0 

104.5 

8.0 

13.0 

1900.0 

18.27 

0.74 

38 

33.0 

98.0 

8.0 

8.0 

1344.0 

21.00 

0.8  1 

39 

54.0 

98.0 

8.0 

8.0 

1212.0 

18.94 

0.83 

40 

96.0 

98.0 

7.0 

7.0 

1152.0 

23.51 

0.90 

41 

138.0 

98.0 

8.0 

8.0 

1376.0 

21.50 

0.91 

42 

201.5 

91.5 

8.0 

8.0 

1056.0 

16.50 

0.74 

43 

201.  5 

101.5 

16.0 

8.0 

1942.0 

15.17 

0.74 

- 

' 

’ 

' 

’ 

